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ABSTRACT OF DISSERTATION 
 
 
 
IMPACT OF STARCH SOURCE ON EQUINE HINDGUT MICROBIAL ECOLOGY 
 
Grain inclusion in equine diets can allow starch to reach the hindgut where bacteria 
compete for the substrate. The hypothesis was that starch introduction would cause a 
source-dependent press disturbance in equine fecal microflora. Fecal cell suspensions 
were prepared by differential centrifugation and re-suspension in media with ground 
corn, oats or wheat. At 24 h, corn had more amylolytics and Group D Gram-positive 
cocci (GPC), and fewer lactate-utilizing (LU) bacteria and lactobacilli than oats, with 
wheat being intermediate.  Predominant amylolytics were identified by their 16S RNA 
gene sequence as Enterococcus faecalis (corn, wheat) and Streptococcus bovis (oats). In 
an in vivo experiment, 30 horses were assigned to 1 of 6 treatments: CO (hay only), HC 
(high corn), HO (high oats), LC (low corn), LO (low oats), and LW (low wheat 
middlings). The study consisted of a 2 wk adaptation (forage only diet) followed by a 2 
wk treatment period, during which horses were adapted to their final starch intake (high, 
2 g kg BW-1; low, 1 g kg BW-1). Both HC and LC had fewer lactobacilli and LU and 
more GPC than CO. In contrast, LO and HO had more lactobacilli and LU, and fewer 
GPC. LW had higher lactobacilli and GPC than CO. The highest number of amylolytics 
was observed in HC, followed by LC and LW. The predominant amylolytic isolates from 
corn and wheat horses were E. faecalis. Both experiments identified a negative 
correlation between lactobacilli and amylolytics, indicating a potential competitive 
relationship (r = -0.89, in vitro; r = -0.95, in vivo). The next experiment was conducted to 
determine if a Lactobacillus addition would mitigate amylolytic proliferation, specifically 
GPC, with corn fermentation. This experiment was conducted as described above with 
ground corn ± live or dead (autoclaved) L. reuteri. The addition of L. reuteri, regardless 
of viability, decreased amylolytics and GPC.  To identify the mechanism of action, an E. 
faecalis isolate was co-incubated with dead L. reuteri cells or supernatant. The 
supernatant depleted the intracellular K+ of E. faecalis.  This result demonstrates that one 
aspect of competition between lactobacilli and enterococci could be a membrane active 
antimicrobial. 
KEYWORDS: starch, amylolytic, enterococcus, competition, hindgut acidosis, equine 
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Chapter 1: Introduction 
Cereal grains are often included in equine diets when the horse’s energy 
requirements cannot be met by the forage component alone. Cereal grains are high in 
starch and simple sugars. Starch is enzymatically digested and absorbed in the foregut, 
but this capacity is limited and starch source dependent (Radicke et al. 1991; Potter et al. 
1992; de Fombelle et al. 2004; Rosenfeld and Austbo 2009). When the starch included in 
the diet exceeds the capacity of foregut digestion, starch can reach the hindgut where it 
can be fermented by the resident microflora.  When starch is available for fermentation, 
amylolytic bacteria proliferate (streptococci and lactobacilli) and lactic acid is produced. 
Normally, lactic acid is fermented by resident lactate-utilizing bacteria (Megasphaera 
elsdenii) to produce short chain fatty acids (SCFA) that can be absorbed by the horse to 
meet their energy requirements. However, when lactic acid production exceeds the 
capacity for utilization, lactate can accumulate; environmental pH declines; and 
consequently this can lead to disturbance of the resident microflora (i.e., cellulolytic 
bacteria; de Fombelle et al. 2001; Bailey et al. 2002; Medina et al. 2002; Willing et al. 
2009). Most notably, Streptococcus bovis is considered the major etiological agent of 
hindgut acidosis because it has been found to be numerous in carbohydrate-excess 
conditions (Bailey et al. 2003; Milinovich et al. 2006). Furthermore, the bypass of starch 
to the hindgut and consequent microflora disturbance has been implicated as one of the 
mechanisms by which high grain diets increase the risk of colic and laminitis in horses 
(Durham, 2009).  
 It is well established that adding grain to equine diets can lead to disturbances in 
the resident normal microflora (Kern et al. 1973; Goodson et al. 1988; Julliand et al. 
2001; Willing et al. 2009). Furthermore, the type of cereal grain in the diet can influence 
the magnitude of hindgut microbial disturbance observed. This is often attributed to 
differences in foregut digestibility. Multiple studies have demonstrated that oat starch is 
more available for foregut enzymatic digestion than corn starch (Potter et al. 1992; Meyer 
et al. 1995; de Fombelle et al. 2004). Consequently, corn starch elicits greater cecal pH 
decline than oats (Radicke et al. 1991; Al Jassim 2005).  and, therefore could lead to 
greater hindgut microbial disturbances.  
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 Alternatively, these differences observed could be due to direct effects of the 
starch source on the hindgut microflora. It is well documented that physical 
characteristics of the starch granule itself (surface area to volume ratio), composition of 
the starch granule (amylose content), and other non-starch components of the grain (i.e., 
protein, β-glucan, etc.) can influence its enzymatic digestion (Kong et al. 2003; Svihus et 
al. 2005; Tester and Karkalas 2006). Furthermore, several bacterial specific factors could 
also influence starch degradation and consequent hindgut disturbance including: substrate 
preference, substrate affinity, amylase specificity and allelopathy (Iverson and Millis 
1976; Kotarski et al. 1992; MacGregor et al. 2001; Whitford et al. 2001; Fisher and 
Phillips 2009).    
 No study has been conducted to evaluate the effect of starch source on the 
microbial community or to evaluate factors affecting amylolytic bacterial competition in 
the equine hindgut. Gaining a better understanding of these topics can lead to greater 
insight into the pathogeneses of starch-overload related health conditions in horses and 
can aid in the development of targeted prevention/treatment strategies for these 
conditions.  
 The primary hypothesis was that starch source would affect changes in the equine 
hindgut resident microflora observed and that these differences would at least in part be 
independent of differences in foregut digestibility. To test this hypothesis the first 
objective was to evaluate the effect of starch source (corn, oats and wheat) and 
concentration on equine hindgut microflora using both in vivo and in vitro models. The 
second objective was to evaluate factors affecting amylolytic bacteria growth and 
competition.  Finally, the last objective was to explore how factors identified in the 
second objective could be used to develop targeted treatment strategies for mitigating pH 
and microbial changes associated with hindgut acidosis (Chapter 6). 
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Chapter 2: Literature Review 
Gastrointestinal Anatomy  
Horses are strict herbivores, meaning that their diet consists of plant material and 
is extremely fibrous.  To ensure that the horse is able to derive all the necessary energy 
and nutrients from their fibrous diet, their gastrointestinal tract (GIT) has evolved to meet 
their specific digestive needs. The equine GIT is considered monogastric, which means 
horses only have one simple single-chambered stomach, as opposed to other herbivores 
like ruminants that have stomachs with multiple compartments. Furthermore, horses have 
a functional cecum (fermentation vat) and a large colon containing an active microbiota. 
The hindgut resident microflora ferment substrates that escape foregut enzymatic 
digestion and produce energetic end-products (short-chain fatty acids; SCFA) that can be 
absorbed and utilized by the horse to meet its energy requirements. For this reason horses 
are classified as hindgut fermenters.   
The mature horse’s GIT is > 50 m long and consists of the mouth, esophagus, 
stomach, small intestine (duodenum, jejunum and ileum), cecum, large colon, small colon 
and rectum.  The GIT is often separated into the foregut (mouth, esophagus, stomach and 
small intestine) and the hindgut (cecum, large colon, small colon, and rectum). The 
horse’s stomach is relatively small (~8% capacity of GIT; Colin 1871 as cited by Hintz 
and Cymbaluk 1994). In fact, the capacity of the stomach in an adult horse (BW ~500 kg) 
is only about 2× the size of the stomach in a mature pig (BW ~165 kg; Stevens 1977).  
The small size of the stomach is a result of equine evolution as continuous grazers, 
designed to utilize small frequent meals.  
   The small intestine of the horse is ~20 m long (75% total GIT length) and has a 
capacity of ~64 L (fully distended; Colin 1871 as cited by Hintz and Cymbaluk 1994; 
Smyth 1988). The equine small intestine is the primary site of absorption of many 
nutrient classes and minerals, including amino acids (protein digestion), fatty acids (lipid 
digestion), sugars (starch digestions, free sugars), vitamins A, D, E, and K and some 
minerals including calcium and phosphorus.  
Nutrients that exceed the capacity of enzymatic digestion in the foregut make it to 
the hindgut where they undergo fermentative digestion by the resident microbiota. As 
mentioned previously, the hindgut consists of the cecum, large colon, small colon, and 
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rectum.  The cecum accounts for 15% of the horse’s total GIT and has a total digesta 
holding capacity of 26 – 33 L.   The large colon accounts for 38% of the horses GIT with 
a digesta holding capacity of 81 L (Colin 1871 as cited by Hintz and Cymbaluk 1994).  
The majority of fermentation in the equine GIT occurs in these two organs. In fact, the 
cecum and large colon are described as being functionally analogous to the rumen and 
reticulum, containing billions of bacteria, fungi, archaea and protozoa that serve in a 
symbiotic relationship with the horse. These microflora enable the horse to digest 
cellulose and other components of the feed that would otherwise not be utilized. For 
example, when a horse is consuming a hay diet, up to 57% of the horse’s total blood 
glucose is from propionate produced by microbial fermentation in the cecum and colon 
(Ford and Simmons 1985; Simmons and Ford 1991).   
In addition to the role that the colon plays in fermentation a second important 
function is the absorption of SCFA, electrolytes and water. All of these compounds can 
be absorbed in both the large and small colon. However, the primary resorption site of 
water is the small colon. The small colon has a digest holding capacity of ~ 13L (Colin 
1871 as cited by Hintz and Cymbaluk 1994). By the time digesta reach the small colon 
almost all of the nutrients have been digested. The material that remains is formed into 
fecal balls and these are passed through the rectum.  
The hindgut of the horse is also unique in its structural characteristics. The cecum 
and colon are sacculated, which slow down passage rate allowing for prolonged exposure 
of the digesta to microbial fermentation. This anatomical characteristic also allows for a 
greater digesta holding capacity and surface area for absorption of nutrients and water 
(Hintz and Cymbaluk 1994). These sacculations likely evolved when horses were 
maintained strictly on forage and were continuously grazing. Therefore, the sacculations 
ensured that the resident hindgut microflora received a continuous steady supply of 
fermentable material, helping to maintain the health and stability of the hindgut 
microflora. However, modern horse management systems often do not allow for 
continuous grazing of forage. Additionally, these horses are often subjected to meal-
feeding practices consisting of large concentrate meals high in starch and low in fiber 
usually provided in 1 to 3 meals/day. Because of these modern nutrition management 
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practices, digestive disturbances and consequent disease are of great concern in the 
equine industry.  
The Normal Intestinal Microflora 
 The equine normal microflora include protozoa, fungi, archaea and bacteria 
(Julliand 1992).  It has been demonstrated that microflora are present in the stomach (de 
Fombelle et al. 2003), small intestine (Mackie and Wilkins 1988), cecum (Kern et al. 
1973) and colon (Kern et al. 1974) of the horse. However, microbial activity and 
composition varies between the segments. The microflora are essential for digestion of 
the horse’s normal diet.  Equine diets ideally are high in structural carbohydrates 
(cellulose and hemicellulose). These structural cabohydrates are not susceptible to 
mammalian enzymes, and therefore, require microbial enzymes for utilization. The 
primary energetic end-products produced by microbial fermentation are SCFA (Vermorel 
and Martin-Rosset 1997).  These SCFA can be absorbed in the hindgut and used to meet 
the horse’s nutrient and energy requirements. In addition to their important role in 
nutrition, the equine microflora also play a role in both immunological function 
(Macpherson and Harris 2004) and in pathogen defense (Vollaard and Clasener 1994). 
Therefore, understanding composition and function of the microbial community, as well 
as managing the horse to maintain microbial stability, is essential to ensure equine health.  
Neonatal foals are born with a sterile gastrointestinal tract.  It has been 
demonstrated that by 4 days of age, foals are already colonized by many bacterial species 
that are similar to their dam and continue to become more similar over time (Julliand et 
al. 1996; Earing et al. 2012; Faubladier et al. 2014).  By adulthood the equine microflora 
is vast and complex with hundreds of different bacterial species occupying several 
different niches essential to the horse’s normal digestive function (Jones 2000; Garrett et 
al. 2002).  In humans more than 500 different enteric bacterial species have been isolated 
and greater than 99% of these species are anaerobic (Kerr 1991; Vollaard and Clasener 
1994). Additionally, ruminant animals are thought to have 1,500 total enteric bacterial 
species (25 – 40 numerically dominant species, Viable number > 109 cells mL-1) with 
80% being strict anaerobes. It is important to note that 89% of these ruminant microbes 
are currently unidentified. Although there has been minimal research to date 
characterizing the equine microbiota, horses are likely similar to humans and ruminants 
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having a wide variety of predominantly anaerobic microbial species with a large 
percentage currently unidentified to date (Jones 2000).   
The passage rate through the equine stomach is quick with little retention. In this 
organ, HCl is continuously secreted, leading to a low pH which minimizes/slows 
microbial fermentation and increases pepsin activity for proteolysis. However, some 
fermentative activity, although minimal in comparison to the hindgut, does occur in the 
stomach. The stomach has been shown to have the highest anaerobic bacterial count of all 
GIT organs (~1.45 x 109 cfu mL-1; de Fombelle et al. 2003).  However due to limitations 
in culture techniques, it has been postulated that uncultivable anaerobic bacteria in the 
hindgut could make up for the differences in total anaerobic bacteria observed between 
the stomach and other GIT compartments (Edwards et al. 2008).   The microbial 
population of the stomach is primarily composed of amylolytic bacteria (i.e. 
Lactobacillus spp., Streptococcus spp.) that have the ability to metabolize, proliferate and 
survive in low pH environments. 
 Concomitantly, fermentation in the stomach is also thought to contribute to 
gastric malfunction. In a study by Nadeau and colleagues (2000), increasing 
concentrations of SCFA were associated with increasing severity of gastric ulcers in 
horses. In a later study, it was demonstrated that the observed increase in severity of 
gastric ulcers was due to the SCFA produced, penetrating cells in the non-glandular 
region of the equine gastric mucosa, causing acidification of cell contents, inhibition of 
sodium transport, and consequent cellular swelling (Nadeau et al. 2003).  A relationship 
between microbial changes in the foregut and the development of laminitis has also been 
suggested (Coenen et al. 2006).  Additionally, microbial fermentation can lead to a large 
amount of gas production in the stomach, which the horse has limited capacity to 
alleviate from the stomach due to its one-way esophagus (Moore et al. 2001). However, 
little research has been done to elucidate and characterize these detrimental effects as 
well as fermentative activity in the stomach of healthy horses.  
The small intestine is also thought to be a site of minimal fermentation.  However, 
as the digesta progress down the small intestine (duodenum, jejunum and ileum) 
progressively larger cultivable numbers of bacteria are detected approaching the ileocecal 
orifice (2.9 x 106 cfu g-1 to 3.84 x 107 cfu g-1; Mackie and Wilkins 1988).                      
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The majority of enzymatic digestion of starch, lipids, and proteins and consequent 
absorption of the end-products occur in the small intestine. Furthermore, only 5-15% of 
structural carbohydrates are fermented in the small intestine (Van Weyenberg et al. 
2006).  Therefore, the majority of these carbohydrates (i.e. cellulose and hemicellulose) 
are available for hindgut fermentation. In addition, when the nutrients available exceed 
the capacity of foregut enzymatic digestion, a significant portion of starch and protein can 
make it to the hindgut. The amount of starch and protein in the diet that escapes the small 
intestine is dependent on diet composition, amount fed, and feeding intervals.  
The hindgut (cecum and colon) is the primary site of microbial fermentation. 
Furthermore, the microflora in these organs are the best characterized in the horse. 
Bacteria in the hindgut occupy distinct niches and can be classified into several different 
guilds based on their metabolic requirements and functionality within the community (i.e. 
cellulolytic, proteolytic, glycolytic, lactate-utilizing, etc.). Additionally, different guilds 
of bacteria are more prevalent in the cecum vs. the colon, or vice versa. For example, 
cellulolytic bacteria viable numbers are higher in the cecum than in the large colon (de 
Fombelle et al. 2003). This prevalence can be attributed to the unique structure of the 
organ.  The cecum is a large blind sac with both its entrance and exit opening located on 
the dorsal side. Therefore, this anatomy allows for a longer retention time of particulate 
matter, and consequently a greater degree of cellulolysis in this organ because many 
cellulolytic bacteria directly associate with particulate material when performing their 
metabolic function (Weimer 1996).  Conversely, amylolytic bacteria (lactobacilli and 
streptococci) and lactate-utilizing bacteria are higher in the colon (de Fombelle et al. 
2003).  This observation can be attributed to rapidly fermentable carbohydrates being 
commonly associated with the liquid phase of digesta, allowing these carbohydrates to 
evade retention in the cecum and be available for fermentation in the colon.   
Animal-Microflora Symbiotic Relationship 
 Symbiosis is defined as “the relationship between two different kinds of living 
things that live together and depend on each other” (Merriam-Webster). The symbiotic 
relationships between an animal and its resident microflora are quite complex, highly 
variable, and are dependent on the degree to which the animal is able to utilize its diet 
independent of fermentation (Hungate 1984).  All animals and humans have been shown 
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to possess intrinsic microbial communities. However, based on these variables each host 
species has a unique relationship with its resident microflora. 
 For instance, carnivorous animals typically have a competitive relationship with 
their microflora, in which the host and the resident microflora are in competition for the 
same nutrient/energy source. This competition occurs because most nutrients in a 
carnivorous diet are readily available to the animal through enzymatic digestion. 
Therefore, they do not rely heavily on microbial fermentation to meet their nutrient and 
energy requirements.  
In contrast, most ruminant animals have a cooperative relationship with their 
resident microflora. This relationship occurs because ruminants are strict herbivores and 
consequently their diet is often high in structural carbohydrates (cellulose and 
hemicellulose) that are indigestible by animal produced enzymes, but can be made 
available by microbial fermentation. Additionally, due to the digestive physiology of the 
ruminant the diet is first exposed to the microflora in the rumen before becoming 
available to enzymatic digestion by the host animal. This can be advantageous because it 
allows for fermentation of the indigestible fiber component of the diet, making these 
nutrients available for absorption later in the GIT (Hungate 1984; Russell et al. 1992; 
Varga and Kolver 1997). However, there are downsides to this digestive physiology. One 
example is that the animal is forced to sacrifice a large portion of its dietary protein to the 
resident microflora. But, the animal is able to utilize residual microbial protein, which 
can be more beneficial to the ruminant when consuming low quality protein sources 
(Tamminga 1979).                                                                                                             
Horses have a combined competitive and cooperative relationship with their 
resident microflora. This combined relationship is because the horse first competes with 
microflora in the foregut, subjecting the feed to its own enzymes and absorbing nutrients 
for only the host’s benefit. Then in the hindgut the microflora make available nutrients 
that are not otherwise available to the horse, hence the relationship also being classified 
as cooperative.  
Effect of Diet on Hindgut Microflora 
 Diet composition can have dramatic effects on the stability of the equine hindgut 
microflora. Studies have demonstrated that by feeding high starch diets as opposed to 
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high fiber diets, horses are more likely to develop GI disease (i.e. colic and laminitis), 
and this relationship is primarily attributed to disruption of the normal hindgut microflora 
(Clarke et al. 1990; Bailey et al. 2004).  Many studies have observed this relationship by 
enumerating hindgut microbial species and utilizing molecular techniques (De Fombelle 
et al. 2003; Varloud et al. 2007; Respondek et al. 2008; Willing et al. 2009).  The 
aforementioned studies found that when feeding a diet that was high in starch in 
comparison to high fiber diets, there was a proliferation of saccharolytic bacteria most 
specifically members of the Streptococcus bovis/equinus complex.  
Furthermore, addition of starch to equine diets has often been linked to decreased 
fibrolytic activity. Thompson and coworkers (1984) found that cellulose and ADF 
digestibility decreased in horses when 60% or more of the dietary forage was replaced 
with oats. Replacing hay with barley resulted in decreased NDF and ADF digestibility as 
well as a decrease in cellulolytic bacteria in the large intestine of fistulated ponies 
(Drogoul et al. 2001; Julliand et al. 2001). Similarly, Medina et al. (2002) replaced 
dehydrated alfalfa with barley and reported a decrease in cellulolytic bacteria in the 
cecum of fistulated horses.   
In addition to colic and laminitis, an increase in saccharolytic bacteria has also 
been associated with the development of other GI disturbances (Garner et al. 1978; 
Bailey et al. 2003).   For example, high starch diets have been shown to increase the 
incidence of diarrhea while high fiber diets can actually act to stabilize the normal flora 
and reduce diarrhea incidence (Horner et al. 2000; Partanen et al. 2002).  
Starch Digestion 
 Starch (glucose units joined by glycosidic bonds) is a semi-crystalline material 
synthesized as granules in many plant tissues (Tester et al. 2004). It consists 
predominately of α-glucans in the form of either amylose or amylopectin. Amylose is a 
linear molecule consisting of primarily α- (1,4) linkages (~99%) and minimal α- (1,6) 
linkages (~1%). In contrast, amylopectin is a much larger molecule than amylose and is 
heavily branched (~95% α-1, 4 bonds and ~5% α-1, 6 bonds). Starch is often included in 
equine diets. However, the purpose of starch in the diet can vary based on the person you 
are asking: ecologists (microbial resource), microbiologist (microbial substrate), or an 
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animal scientist (animal energy). It is important to consider all of these functions when 
discussing starch digestion in horses.  
Foregut Enzymatic Digestion 
 Animals and humans have the ability to produce a wide range of digestive 
enzymes that act to hydrolyze starch in the diet (Table 2.1). These enzymes vary in bond-
specificity and mode of action.  Oral starch disappearance in the horse is negligible due to 
very low amylase activity in salivary secretions (Alexander and Hickson 1970; Roberts 
1974; Radicke et al. 1992). However, despite this low activity, high levels of starch 
digestibility have been observed in the stomach ranging from 50% to 95% total starch 
disappearance (Wolter et al. 1980; Wolter and Chaabouni 1979; de Fombelle et al. 2003). 
For example, de Fombelle and colleagues (2003) reported gastric starch disappearance 
from 95.9% to 97.9%, 65.6% to 70.7%, and 23.9% to 27.2% for oats, barley, and corn, 
respectively. Therefore, gastric starch digestion has been hypothesized to be primarily 
fermentative evidenced by gastric concentrations of lactate and SCFA that are end-
products specific to microbial fermentation (de Fombelle et al. 2003). As mentioned 
previously, the stomach has an abundant gastric microflora community consisting 
primarily of amylolytic bacteria (i.e. lactobacilli, streptococci) that have the ability to 
metabolize, grow and survive in low pH environments (Kern et al. 1974; Kienzle et al. 
1997; de Fombelle et al. 2003).  The gastric environmental pH in horses can be quite 
variable (ranging from 1.5 – 7.0; Merrit 1999), but can, under certain circumstances, 
provide a favorable environment for microbial fermentative digestion.  
 The secretion and activity of α-amylase in the small intestine lumen is relatively 
low compared to other species (Alexander and Hickson 1970; Roberts 1974; Frape 1986; 
Meyer et al. 1993; Kienzle et al. 1994). For example, in horse pancreatic tissue α-
amylase activity can range from 85 to 909 U g-1 of tissue (Kienzle et al. 1994).  In 
contrast, pigs have a much higher pancreatic tissue α-amylase activity (3500 U g-1 on 
average; Roberts 1974; Frape 1986). Despite differences in α-amylase activity, the 
activity of other secreted amylolytic enzymes in horses (e.g., maltase and α-glucosidases)  
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Table 2.1. Enzymes involved in the hydrolysis of starch1 
Enzyme Bond Specificity Action End Products 
 
Phosphorylase 
 
α-(1-4)-glucosyl Exo Glucose-1-phosphate 
 
α-amylase 
 
α-(1-4)-glucosyl Endo 
Linear and branched 
oligosaccharides 
 
β-amylase 
 
α-(1-4)-glucosyl Exo Maltose and limited dextrins 
 
Amyloglucosidase 
 
α-(1-4)-glucosyl 
α-(1-6)-glucosyl 
exo/endo Glucose 
 
Isoamylase 
 
α-(1-6)-glucosyl Endo Linear α-(1-4)-glucan chains 
 
Pullulanase 
 
α-(1-6)-glucosyl Endo Linear α-(1-4)-glucan chains 
1Adapted from Tester et al. 2004 
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is similar to that of other domesticated mammals (Frape 1986). It is also important to note 
that the secretion of α-amylase in the foregut varies with diet. For example, a diet 
composed primarily of oats stimulates more α-amylase secretion than a hay only diet 
(Radicke et al. 1992).    
 Resulting glucose from starch hydrolysis is readily absorbed in the small intestine 
(most notably in the distal duodenum and jejunum). However, maltose and dextrins 
generated from starch hydrolysis cannot be absorbed directly. Therefore, absorptive 
epithelial cells’ “brush border” produce several additional enzymes (i.e., maltase, iso-
maltase, sucrase, trehalase, lactase) that allow for digestion and subsequent absorption of 
these products. Unlike the aforementioned secreted enzymes, these brush border enzymes 
are bound to the membrane and therefore, some carbohydrate hydrolysis occurs at the 
surface of epithelial cells.  
 As mentioned previously, several studies have noted differences in foregut starch 
digestibility dependent on both starch source and meal size. It has been demonstrated that 
4 – 30% of ingested starch can escape foregut digestion (Hintz et al. 1971; Householder 
1978; Arnold 1982; Hinckle et al. 1983; Brown 1987; de Fombelle et al. 2001). Research 
has suggested that when the level of starch intake is below 2 g starch kg BW-1 per meal, 
the starch escaping foregut digestion never exceeded 0.5 g starch kg BW-1 per meal. 
However, above that limit, the quantity of starch reaching the hindgut varied from 0.7 – 
1.5 g starch kg BW-1 per meal. Therefore, it has been suggested that starch intake should 
not exceed 2 g starch kg BW-1 per meal (Kienzle et al. 1992; Meyer et al. 1995).  
Hindgut Fermentative Digestion 
  Despite differences in starch source and processing, starch digestion in the equine 
hindgut is nearly complete: (91.1 ± 6.8%; Householder 1978; Arnold 1982; Hinckle et al. 
1983; Brown 1987). However, variations in hindgut digestibility may exist in relation to 
the quantity of fermentable starch available for fermentation, the existing hindgut 
environment and the status of the microbial community.   
 Although limited research has been performed to characterize the equine 
microbial community its composition and function are thought to be similar to the rumen. 
The rumen microflora is extremely diverse consisting of 109 – 1010 bacteria, 105 – 106 
protozoa, and 103 – 104 fungi per mL of rumen fluid (McAllister and Cheng 1996). 
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Because bacteria are numerically dominant in the rumen and are known to be 
metabolically diverse they are thought to be responsible for the majority of feed digestion 
(Cheng et al. 1991). In grain fed animals, amylolytic bacteria in the rumen can account 
for as high as 90 – 95% of total culturable bacteria (Leedle and Hespell 1980). 
Furthermore, the predominant amylose-, amylodextrin- and maltose- utilizing bacteria 
include species of Bifidobacterium, Butyrvibrio, Eubacterium, Lactobacillus, 
Mitsuokella, Prevotella, Ruminobacter, Selenomonas, Streptococcus, Succinimonas and 
Succinovibrio (Kotarski et al. 1992; Chesson and Forsberg 1997; Stewart et al. 1997).  
 Although species within the aforementioned genera can ferment starch or starch 
fermentation by-products, individually they are incapable of producing the variety of 
enzymes required to digest entire starch granules. In order to achieve complete digestion, 
physiologically/metabolically complementary bacteria combine to form a complex 
microbial consortium on the surface of cereal grains (McAllister et al. 1994). This 
consortium is established sequentially. Initially amylolytic bacteria are attracted to and 
will adhere to the surface of starch granules. These bacteria will then proliferate and 
produce digestive enzymes (e.g., amylase enzymes) that release soluble nutrients and 
form digestive pits on the granule surface. These primary colonies then produce a surface 
environment that attracts secondary colonizing bacteria to the site of digestion (e.g., 
maltose-utilizing bacteria).  Over time the complex microbial consortium is established 
(McAllister and Cheng 1996).   
 Several bacterial enzymes are involved in the digestion of starch granules. 
Although, considerable research has been done to better elucidate the function of 
enzymes for plant structural carbohydrate digestion, little research has been done to study 
the production and function of amylases. The majority of studies performed have focused 
on α -amylases produced by Streptococcus bovis (Clark et al. 1992; Cotta and Whitehead 
1993; Satoh et al. 1993) and a single study on α -amylases produced by Butyrivibrio 
fibrosolvens (Rumback et al. 1991). Enzymes capable of hydrolyzing α-(1-6) linkages in 
amylopectin have not been identified or characterized. However, since starch granules are 
rapidly hydrolyzed in the rumen, such enzymes are present and are not a rate-limiting 
step in starch digestion (Cone 1991).  
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 Among the bacteria genera present in the rumen, Selenemonas ruminatium, 
Streptococcus bovis and assorted lactobacilli exhibit the greatest saccharolytic activities 
and highest growth rates (Cotta 1988; Cotta 1992; McAllister et al. 1990).  Selenemonas 
ruminatium is a Gram-negative curved rod and is one of the most predominant 
saccharolytic bacteria in the rumen (Caldwell and Bryant 1966; Latham et al. 1971).  
This bacterium does not produce enzymes that can break down starch or other dietary 
polysaccharides directly. Instead, S. ruminatium relies on cross-feeding from other 
microbes utilizing maltose, sugars and some oligosaccharides and producing lactic acid 
as a major fermentative end-product (Ricke et al. 1996; Stewart et al. 1997).  
 Streptococcus bovis is a Gram-positive bacterium present in both the foregut and 
hindgut of cattle. This bacterium has also been readily isolated from horses consuming 
grain and is thought to be a key contributor to starch fermentation in the hindgut 
(Mungall et al. 2001; Bailey et al., 2003; Harlow et al. 2014). In cattle, S. bovis can be 
isolated from animals fed an all-forage diet or a starch-rich diet (Nagaraja and 
Titgemeyer 2007). However, cattle fed high starch diets can have as much as 107 higher 
enumerations of S. bovis than forage-fed cattle. Although many microbes in the rumen 
and hindgut can utilize starch, the relative success of S. bovis in high starch environments 
is due to its rapid growth and starch degradation rates (McAllister et al. 1990). This 
bacterium is a mixed acid fermenter under conditions when substrate is limiting (glucose 
 acetate, formate and ethanol; Russell and Hino 1985; Finlayson 1986). However, 
when substrate is in excess and environmental pH is lower than 5.6, S. bovis can shift to a 
homolactic metabolism. Streptococcus bovis converts pyruvate to either lactate or acetate 
and ethanol via lactate dehydrogenase (LDH) or pyruvate formate lyase (PFL), 
respectively. Lactate production increases at low environmental pH because the organism 
allows its intracellular pH to decline, which inhibits PFL (pH optimum: 7.5) activity, but 
promotes LDH (pH optimum: 5.5) activity (Asanuma et al. 1997). Although homolactic 
metabolism is not as efficient energetically, S. bovis has a remarkably fast rate of 
fermentation and can generate more ATP per hour than any other ruminal bacteria even 
under substrate excess conditions (Hungate 1979).  
 Rapid lactic acid production by S. bovis causes a decrease in environmental pH. 
This pH decline can inhibit the growth rates of many ruminal bacteria, including 
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eventually S. bovis (Finlayson 1986; Russell 1991; Wells et al. 1997).  When this occurs 
more acid tolerant amylolytic bacteria become predominant, most notably lactobacilli 
(Slyter 1976; Nagaraja and Miller 1989; Goad et al. 1998). The rumen and hindgut have 
both homofermentative and heterofermentative lactobacilli (Krogh 1963; Sharpe et al. 
1973; Al Jassim and Rowe 1999).   
 Lactic acid is considered an intermediate product of starch-fermentation in the 
gastrointestinal tract. This product cannot be directly absorbed by the animal and 
therefore, has to be further metabolized into SCFA. Several ruminal and hindgut bacterial 
genera can ferment lactic acid including Anaerovibrio, Megasphaera, Fusobacterium, 
Peptostreptococcus, Selenemonas, Propionibacterium, and Veillonella (Huber et al. 
1976; Mackie et al. 1978; Daly et al. 2001; Willing et al. 2009; Shepherd et al. 2012; 
Biddle et al. 2013). Most notably, Megasphaera elsdenii is thought to be the most 
important microorganism with regard to lactic acid fermentation in both the rumen (60 – 
80% total DL-lactate; Counotte et al. 1981) and equine hindgut (Biddle et al. 2013). This 
is likely due to M. elsdenii being somewhat acid tolerant (Therion et al. 1982).  
 Megasphaera elsdenii is a Gram-negative bacterium often identified by its distinct 
morphology (large diplococcus). This bacterium cannot utilize starch (therefore 
energetically relies on cross-feeding), but is able to use maltose, glucose and lactate 
(Marounek et al. 1989; Counotte et al. 1981). Despite lactate metabolism yielding 
significantly less ATP than glucose metabolism, most strains of M. elsdenii use lactate 
preferentially to glucose (Russell and Baldwin 1978; Hino et al. 1994).   This has been 
attributed to the rate of lactate catalysis being 5 – 6× faster than glucose catalysis (Hino 
and Kuroda 1993; Hino et al. 1994). Lactate is primarily metabolized to acetate, 
propionate and butyrate, but also to a lesser extent to caproate and valerate (Marounek et 
al. 1989).  Specifically, L-lactate is converted to propionate via the acrylate pathway and 
D-lactate is converted to pyruvate or L-lactate via the action of either a NAD-independent 
D-LDH or lactate racemase, respectively (Hino and Kuroda 1993).  Resulting pyruvate 
can then be metabolized to acetate, butyrate, caproate and valerate producing energy 
(ATP).  In the presence of glucose when lactate is limiting, propionate production is 
reduced and the alternative end-products increase (Marounek et al. 1989).   This 
phenomenon could explain the large increases in butyrate and valerate that have been 
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observed when acidotic cattle are treated with monensin (decrease lactate accumulation; 
Nagaraja et al. 1985; Coe et al. 1999). The SCFA produced via lactate and sugar 
metabolism can then be absorbed across the mucosa and further metabolized by the host 
to meet their energy requirements (Cummings 1981). Figure 2.1 graphically depicts the 
aforementioned fermentative process described from starch to SCFA for absorption by 
the host.  
Factors Affecting Starch Digestion 
 It is well documented that the type of cereal grain (corn, oats, wheat, barley, etc.) 
included in equine diets can influence the magnitude of hindgut disturbance observed. 
This is primarily attributed to individual cereal grains having varying degrees of starch 
susceptibility to enzymatic digestion. For example, multiple studies have demonstrated 
that oat starch is more available to enzymatic foregut digestion than corn or barley starch 
(Potter et al. 1992; Meyer et al. 1995; de Fombelle et al. 2004). There are several factors 
that can contribute to the resistance of starch granules from different botanical sources to 
enzymatic hydrolysis. It is important to consider all of these variables to best understand 
the complexity of starch digestion in the horse.  
Cereal Grain Components 
 Cereal grains consist of a thick, fibrous multilayered pericarp, which protects the 
inner germ and endosperm. In addition to the pericarp, some grains including oats and 
barley, are surrounded by a fibrous husk (Evers et al. 1999). Together the husk and 
pericarp account for ~5% of the total grain kernel and are composed of ~90% fiber that is 
highly lignified and therefore, extremely resistant to microbial fermentation (feed value 
similar to straw, < 40% total digestion; Van Barneveld 1999). The endosperm fraction is 
the largest portion of the cereal kernel, accounting for 80% of the total kernel weight 
(McMasters et al. 1971). The endosperm consists of 2 distinct fractions, the starchy 
endosperm (60 – 90%) and aleurone (primarily protein and lipid; 2 – 7%). The aleurone 
is the outermost layer of the endosperm and can consist of 1 to 3 layers depending on the 
cereal grain. The cell walls of the endosperm surround starch granules in a protein matrix 
(McAllister and Cheng 1996). Endosperm cell walls in wheat and corn consist primarily 
of arabinoxylans. In contrast, endosperm cell walls in oats and barley consist primarily of 
(1  3, 1  4), -glucans.  
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Figure 2.1. Starch digestion in the equine gastrointestinal tract. Italics indicated products 
that can be absorbed by the host to meet energy requirements.  
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Although research on arabinoxylan and -glucan fermentation is limited in horses, both 
humans and ruminants have high arabinoxylanase and -glucanase activity (McAllister et 
al. 2001; Crittenden et al. 2002) and therefore, they are unlikely to be a significant barrier 
to starch fermentation in the equine hindgut. However, the host including horses, cannot 
produce the necessary enzymes to break down these soluble fibers and therefore, they 
may impair foregut enzymatic starch digestion (McAllister et al. 1990).  
 The endosperm of barley and wheat is homogenous and the starch granules are 
loosely associated with the protein matrix (Evers and Bechtel 1988). In contrast, the 
endosperm in corn and sorghum consists of 2 distinct fractions, the floury and vitreous 
endosperm (Hoseney 1986; McAllister and Cheng 1996). The floury endosperm is 
similar to the endosperm in barley and wheat where the starch granules are loosely 
associated with the protein matrix. However, in the vitreous endosperm starch granules 
are densely packed and tightly embedded in protein matrix.  
 It has been speculated that the nature of the protein matrix that surrounds starch 
granules has a greater impact on the rate and extent of starch degradation than 
characteristics of the starch granule itself (McAllister et al. 1990; McAllister and Cheng 
1996). For example, in corn the protein matrix is extremely resistant to invasion by 
ruminal microorganisms. In fact, ruminal fungi appear to be the only microbes capable of 
penetrating the protein matrix in corn (McAllister et al. 1990; McAllister et al. 1993). In 
contrast, the protein matrix in wheat and barley are readily fermented by a variety of 
proteolytic bacteria (McAllister et al. 1990). These differences in fermentability are 
attributed to the zein and gluten content of the protein matrix. Starch digestion is 
negatively correlated with zein protein, but positively correlated with gluten protein. 
Corn is typically high in zein, but wheat and barley are high in gluten. When comparing 
two corn isogenic corn varieties, the variety with lower zein content had a higher 
digestibility than the higher zein variety (Ladely et al. 1995). Similar results have also 
been observed with sorghum (Kotarski et al. 1992).  
Starch Granule: Surface Area to Volume Ratio 
 As mentioned previously, starch is synthesized in the form of granules in plant 
tissues. These granules vary greatly in both shape and size depending on botanical source 
(Tester and Karkalas 2002; Tester et al. 2004) and variety (Stamberg and Bailey 1939; 
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Tester et al. 1998; Zang and Oats 1999; Riley et al. 2004).  It has been speculated that 
amylase activity on starch granules is more accurately described as a function of the 
surface area to volume ratio than as a function of total starch concentration (Kong et al. 
2003).  For example, the larger the size of the granule, the smaller the surface area to 
volume ratio and consequently, there is a larger potential surface for enzymes to act when 
hydrolyzing the starch granule. In a study by Sujka and Jamroz (2007), oat and rice starch 
had twice the surface area in comparison to both wheat and corn starch. Furthermore, 
when corn, wheat and oat starch were treated with α-amylase, surface area increased in 
all grains, but the magnitude of this increase was starch source dependent (oats: 10× s.a., 
wheat: 7× s.a., corn: 5× s.a.). Similarly, Ring and colleagues (1988) compared the rate 
and extent of α-amylase hydrolysis of different native starches. This study demonstrated 
that wheat > maize > pea > potato which directly reflects a decrease in surface area to 
volume ratio coinciding with decreased enzymatic digestion. Additionally, granule shape 
and compounding can influence α-amylase activity. For example, starch granules from 
corn and oats have been characterized as roughly spherical and polyhedral, respectively 
(Tester et al. 2006). Therefore, the oats would have a higher surface area to volume ratio 
than the corn. Concomitantly, compounded granules can reduce the capacity for amylases 
to bind (granules are packed together) and therefore, decrease amylase activity (Buttrose 
1960; Tester and Karkalas 2002).  
Starch Granule: Amylose Content 
 It has been demonstrated that amylose content and susceptibility to α-amylase 
activity are inversely related (Cone and Wolters 1990; Gallant et al. 1992; Vasanthan and 
Bhatty 1996; Evans and Thompson 2004; Riley et al. 2004). Therefore, high amylose 
starch granules are more resistant to degradation. For example, corn (21 – 27% total 
starch) has higher amylose content than oats (17 – 20% total starch; Morrison et al. 
1984). This is consistent with studies that have demonstrated that oat starch is more 
available to enzymatic foregut digestion than corn starch in horses (Potter et al. 1992; 
Meyer et al. 1995; de Fombelle et al. 2004).  Furthermore, Rendleman (2000) 
demonstrated that the rate of digestion by salivary amylase was amylose content 
dependent even within botanical source (waxy corn > normal corn > high amylose corn).  
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Starch Granule: Microbial Attachment and Penetration  
Granule architecture can impact microbial strategies for amylase hydrolysis 
(McAllister et al. 1996). For example, corn and barley are primarily broken down by 
endocorrosion strategies via the formation of pin holes (Kienzle et al. 1997). In order for 
endocorrosion to occur, amylolytic bacteria tunnel into the interior of the starch granule 
and digest it from the inside out. As a consequence, when enzymatic digestion nears 
completion the interior of the granule is often hollow with the exterior layer remaining. In 
contrast, oat starch is first disintegrated into subunits and broken down by exocorrosion 
strategies. Despite these differences in the microbial approach to starch fermentation 
between botanical sources, it is likely that their overall impact on the rate and extent of 
digestion is minimal compared to the other factors discussed.   
Grain Processing 
 Processing of cereal grains, whether by grinding/micronizing, pelleting, rolling, 
tempering (addition of water prior to rolling), steam rolling (steam exposure prior to 
rolling), or steam flaking (long duration steam exposure and temperature, followed by 
flaking) can significantly impact starch availability and digestion in both the foregut and 
hindgut of the horse (Julliand et al. 2006). Processing breaks down digestive barriers 
such as the hull, pericarp and protein matrices, allowing greater enzymatic access to the 
starch granules in the endosperm. Furthermore, processing can reduce particle size, 
increasing surface area for enzymatic action and consequent starch degradation 
(McAllister et al. 1994).  
 Research investigating the effect of grain processing on foregut digestion is 
limited in horses. However, there is evidence that expanding and pelleting processes 
improve starch disappearance in the stomach compared to grinding (Hintz et al. 1971; 
Wolter and Chaabouni 1979; Wolter et al. 1980). It has also been demonstrated that grain 
processing can affect starch fermentability, which could also impact gastric starch 
disappearance (McLean et al. 1999; McLean et al. 2000; Nadeau et al. 2000). 
Grain processing can also significantly impact total foregut starch digestibility. 
However, it appears that the extent of the impact on starch digestion is dependent on 
processing type. For example, studies have demonstrated that rolling and crushing do not 
increase starch (oats and corn) degradation in the equine foregut (Householder 1978; 
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Meyer et al. 1993, 1995).  In contrast, grinding and micronization processing improved 
foregut starch degradation of corn, oats, barley and sorghum (Householder 1978; Arnold 
1982; Radicke et al. 1991; Meyer et al. 1993; Meyer et al. 1995; de Fombelle et al. 
2003). Rolling and crushing likely provide alteration similar to the mechanical effects of 
chewing, explaining why differences in foregut starch degradation were not observed 
(Kienzle 1994).  
Combination of thermal and mechanical processing, specifically pelleting and 
popping, increase foregut starch degradation (Hintz et al. 1971; Meyer et al. 1993; Meyer 
et al. 1995; Kienzle et al. 1997; Hoekstra et al. 1999). Heating can modify the structure 
of the grain changing both the structure and biochemical status of the starch granules 
themselves (Kienzle 1994). Biochemical changes to the starch granule increase with 
temperature, water, duration of these treatments, and mechanical processing. 
Furthermore, when water and heat are used together, the crystallinity of the starch 
granule is disrupted (gelatinization), increasing the solubility of starch and improving 
enzymatic digestion (Julliand et al. 2006).  
Limited research has been performed to determine the effects of grain processing 
on hindgut fermentation of starch in horses. Barley starch has been demonstrated to be 
more available for fermentation in the cecum when micronized or extruded than when 
rolled (McLean et al. 2000). Similarly, corn fermentation was improved by micronizing 
and extrusion processing (McLean et al. 1999). Future research is needed to better 
delineate the effects of grain processing on hindgut starch degradation.  
Gastrointestinal Acidosis Pathogenesis 
As mentioned previously, starch that bypasses foregut digestion can reach the 
hindgut where it will be fermented by the resident microflora. Starch fermentation can 
lead to a proliferation of amylolytic bacteria (i.e., lactobacilli and streptococci) increasing 
lactic acid concentrations, decreasing environmental pH, and consequently inhibiting 
fibrolytic bacteria (de Fombelle et al. 2001; Medina et al. 2002; Willing et al. 2009). 
Research is limited on the pathogenesis of hindgut acidosis in horses.  However, this 
phenomenon has been extensively studied in ruminant animals and it is likely that the 
pathogenesis of acidosis in the rumen is similar to that in the hindgut. Ruminal acidosis 
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can be classified as either acute or sub-acute depending on environmental pH, the acid(s) 
responsible for declining pH, and whether clinical signs are apparent (Nagaraja and 
Titgemeyer 2007).  Figure 2.2 illustrates the proposed pathogenesis of hindgut acidosis in 
horses.  
Acute rumen acidosis is characterized by a ruminal pH below 5.0 and typically 
occurs when the animal is switched abruptly from a forage diet to a high concentrate diet 
(Britton and Stock 1989; Owens et al. 1998; Krause and Oetzel 2006). This rapid 
increase in starch and other NSC in the rumen can lead to a proliferation of amylolytic 
bacteria, most notably Streptococcus bovis (Nagaraja et al. 1998). Although S. bovis is a 
mixed acid fermenter (acetate, formate and ethanol from glucose), it can shift to 
homolactic metabolism when substrate is in excess (Russell and Hino 1985; Finlayson 
1986). Lactate-utilizing bacteria (i.e., Megasphaera elsdenii) typically utilize lactic acid 
to produce SCFA, which can be absorbed by the host to meet energy requirements 
(Marounek et al. 1989). However, in acute acidosis where the animal is un-adapted prior 
to the starch challenge, the lactic acid production can exceed the capacity of existing 
lactate-utilizing bacteria, allowing lactic acid to accumulate in the environment (Nagaraja 
et al. 1998). The accumulation of lactic acid decreases pH, inhibiting the normal rumen 
microflora including lactate-utilzing bacteria (pH < 5.0), leading to a decrease in SCFA 
production and an increase in lactate accumulation and further pH decline (Huber 1976; 
Slyter et al. 1976; Therion et al. 1982). Although S. bovis is relatively acid tolerant, when 
the pH is < 6.0 its growth rate is reduced (Finlayson 1986; Wells et al. 1997). Therefore, 
the primary role of S. bovis is to initiate the chain of events leading to acute ruminal 
acidosis. Consequently, S. bovis is considered the major etiological agent of this 
condition (Nagaraja and Miller 1989; Gill et al. 2000). Similarly, S. bovis has been shown 
to be prevalent in carbohydrate-excess conditions in horses and is often implicated in the 
pathogenesis of hindgut acidosis (Bailey et al. 2003; Milinovich et al. 2006).  As S. bovis 
numbers decline, acid tolerant Lactobacillus spp. proliferate and become predominant 
(Slyter 1976; Nagaraja and Miller 1989; Goad et al. 1998).  Lactobacilli continue to 
produce lactic acid driving the pH down and leading to further inhibition of the normal 
microflora.  
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Figure 2.2. Sequence of events associated with the induction of equine hindgut acidosis.  
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Sub-acute ruminal acidosis (pH 5.0 – 5.6) typically occurs in cattle that are 
chronically fed high levels of concentrate diets (i.e., feedlot cattle). This condition is 
primarily attributed to the accumulation of SCFA due to increased production and  
decreased absorption (Goad et al. 1998).  Although lactic acid is produced during sub-
acute ruminal acidosis, it does not accumulate because lactate-utilizing bacteria are 
adapted and are not inhibited and therefore, rapidly convert it to SCFA.  However, as the 
environmental pH declines (nearing 5.0), the growth of lactate-utilizing bacteria can 
become inhibited, and sub-acute acidosis can become acute (as described above).  
Streptococcus bovis only transiently proliferates in animals un-adapted to grain and 
during the step-up period (Nagaraja and Titgemeyer 2007). Therefore, in sub-acute 
acidosis where animals are adapted to a high grain diet, S. bovis does not proliferate 
(Wells et al. 1997). Instead, other amylolytic bacteria including lactobacilli are 
responsible for the carbohydrate fermentation observed (Nagaraja et al. 1998).  
Effect of Acidosis on Animal Physiology 
Intestinal Lining 
 Multiple studies have documented damage to the hindgut mucosa with 
carbohydrate overload (Krueger et al. 1986; Masty and Stradley 1991; Weiss et al. 1998; 
Weiss et al. 2000).  This damage has been primarily attributed to low pH (due to 
increases in lactic acid accumulation) and changes in osmolality of the hindgut. Increases 
in hindgut osmolality can result in a rapid influx of water from the blood circulation into 
the hindgut epithelium, causing swelling and rupture of papilla, and consequently a 
reduction in epithelial barrier function (Owens et al. 1998). Furthermore, the combination 
of increased hindgut osmolality and mucosal damage can lead to both diarrhea and 
dehydration, which is commonly observed in acidotic animals (Huber 1971; Huber 1976;  
 Although the mechanism by which epithelial damage occurs is understudied in 
acidotic horses, several studies have been performed in ruminants to look at the effect of 
acidosis on ruminal epithelium and barrier function. For example, in ruminants fed a 
high-grain diet, the rate of metabolism and the proliferation of epithelial cells increased 
dramatically, resulting in pre-mature keratinization of cells (i.e., parakeratosis; Steele et 
al. 2011). It has been speculated that under conditions of low pH, parakeratosis can lead 
to sloughing of epithelial cells and reduced intracellular adhesion between cells, 
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decreasing epithelial barrier function (Steele et al. 2009; Steele et al. 2011). Furthermore, 
parakeratosis has been associated with changes in the normal flora of the rumen 
epithelium (Semjen et al. 1982; Steele et al. 2009), allowing for increased opportunity for 
bacterial pathogens to colonize and further reduce epithelial barrier function (Khafipour 
et al. 2011). Decreases in epithelial barrier function could allow microbes, fermentation 
products and toxic microbial products to enter the circulation. 
Metabolic Acidosis 
 As lactic acid accumulates in the gastrointestinal tract and the epithelial barrier 
degenerates, lactic acid can be absorbed into the blood stream leading to metabolic 
acidosis (Harmon et al. 1985; Brown et al. 2000). In ruminant animals, increases in blood 
lactate can lead to decreases in blood pH (pH < 7.350), excess base, and bicarbonate (< 
20 mEq/L), and increases in packed cell volume (Dougherty et al. 1975; Nagaraja et al. 
1981; Nagaraja et al. 1982; Nagaraja et al. 1985; Nagaraja and Titgemeyer 2007).   
 When lactic acid enters the blood it dissociates, and the anion combines with Na+; 
and the hydrogen ion combines with bicarbonate, forming carbonic acid (Huber 1976). 
The overall effect is a decrease in blood bicarbonate concentrations and an increase in 
CO2 from carbonic acid dissociative metabolism.  Increased blood CO2 stimulates the 
respiratory system to aid in CO2 elimination. Furthermore, restoration of the blood 
buffering system can be achieved via up-regulation of kidney function (Juhasz and 
Szegedi 1968; Huber 1976). However, when lactate entry exceeds the body’s ability to 
compensate, increased CO2 tension can actually depress the respiratory system and 
decrease blood pressure, leading to a decrease in perfusion pressure and oxygen supply to 
peripheral tissues (Owens et al. 1998).  
 Long lasting metabolic acidosis can have detrimental effects on animal health and 
performance by reducing glucose dependent insulin secretion (Bigner et al. 1996) and 
increasing cortisol secretion (Ras et al. 1996), which drastically affects dietary intake and 
whole body nutrient metabolism. Furthermore, in humans metabolic acidosis has been 
shown to increase body protein catabolism and consequently impair growth, consistent 
with the poor body condition often observed in acidotic animals (Nocek 1997; Bailey 
1998).   Long lasting metabolic acidosis can also lead to immunosuppression including 
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decreased phagocytic activity and migration speed of neutrophils impairing the animal’s 
ability to resist and combat disease (Hofirek et al. 1995).  
Normal Flora and Microbial Toxic Products 
 Several microbial toxic products have been implicated in the pathogenesis of 
acidosis and related conditions (i.e., laminitis) including endotoxins (LPS) and amines 
(i.e., laminitis; Dunlop 1972; Owens et al. 1998).  
 Previous studies have implicated endotoxins as a primary trigger factor for 
carbohydrate-overload related laminitis (Hunt et al. 1986; Sprouse et al. 1987). 
Endotoxin (i.e., lipopolysaccharide, LPS) is a component of Gram-negative bacteria cell 
walls (Nagaraja et al. 1978; Nagaraja et al. 1979).  As mentioned previously, microbial 
cell death of the normal flora including Gram-negative bacteria is characteristic of acute 
acidosis. This coupled with compromised barrier function of the mucosa could allow 
large quantities of LPS to enter the blood stream (Doughtery and Cello 1949; Mullenax et 
al. 1966; Doughtery et al. 1975; Aiumlamai et al. 1992).  Detoxifying mechanisms in the 
liver would normally clear endotoxins from the blood stream, but when LPS 
concentrations exceed these capacities the toxins can accumulate. In the blood LPS 
interacts with the acute phase protein LBP (lipopolysaccharide binding protein; Tobias et 
al. 1988). This complex (LPS-LBP) is extremely bioactive and can interact with Toll-like 
receptors on immune cells stimulating the production of NF-κβ, which in turn stimulates 
the production of pro-inflammatory cytokines (TNFα, IL-1 and IL-6) and chemokines 
(Sweet and Hume 1996; Guha and Mackman 2001; Tomlinson and Blikslager 2004). 
These cytokines can then stimulate an acute phase inflammatory response, that can not 
only cause further inflammation of the epithelium of the hindgut, but also have several 
detrimental systemic effects including multisystem organ failure and septic shock  
(Morris 1991; Alsemgeest et al. 1994; Gozho et al. 2007; Khafipour et al. 2009; Zebeli 
and Ametaj 2009).  
 The role of endotoxins in carbohydrate-overload related conditions like laminitis 
are still unclear. Endotoxin has been detected in plasma from horses given carbohydrate 
overload (Sprouse et al. 1987). Furthermore, LPS infusion has been shown to decrease 
digital blood flow with a tendency to reduce laminar blood flow (Ingle-Fehr and Baxter 
1998).  However, LPS alone has no direct effect on blood vessel contractility, and digital 
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vasoconstrictor effects are likely via indirect endogenous effectors. Previous studies have 
implicated LPS in activation of platelets and the release of serotonin and thromboxane 
A2, which are potent vasoconstrictors (Jarvis et al. 1996; Bailey et al. 2000). 
Furthermore, endotoxemia can lead to an increase in plasma endothelin-1, a potent 
vasoconstrictor of digital blood vessels (Ramaswamy et al. 2002; Holm et al. 2002; Katz 
et al. 2003).  However, a direct role of endotoxins in laminitis is questionable because 
infusion of endotoxin does not induce acute laminitis (Fessler et al. 1982; Frauenfelder et 
al. 1982). Future research is needed to better elucidate the role of endotoxin in both 
hindgut acidosis and related conditions.  
Amines are continuously present at low levels in the GIT of healthy animals 
(Sjaastad 1967), and are essential for normal growth and differentiation of cells (Bardócz 
et al. 1995).  However, the amino acid decarboxylases responsible for the production of 
amines are inducible enzymes and are typically most active at low pH (Dain et al. 1955; 
Van Der Horst 1961; Irwin et al. 1979). Therefore, it is likely that bacteria produce 
highly basic amines to mitigate environmental pH decline. Specifically, the production of 
biogenic amines including tryptamine, tyramine, phenylethylamine and histamine, are 
often upregulated in acidotic animals (Dain et al. 1955; Wilson et al. 1975; Irwin et al. 
1979; Bailey et al. 2002; Bailey et al. 2003; Crawford et al. 2007; Wang et al. 2013). 
Furthermore, the intravenous infusion of individual amines into normal horses has been 
shown to decrease blood flow to the digits without affecting systemic arterial blood 
pressure (Bailey et al. 2002).  
Studies have shown that the equine digital vasculature is sensitive to amines, most 
notably the biogenic amine serotonin (5-HT) and catecholamines (epinephrine, 
norepinephrine and dopamine; Baxter et al. 1989; Bailey and Elliott 1998; Bailey et al. 
2004). For example, when 5-HT accumulates in the blood, it can act as a potent 
vasoconstrictor of digital blood vessels (Bailey et al. 1998). In a healthy animal, 5-HT 
produced by intestinal enterochromaffin cells do not accumulate in the blood because it is 
taken up and stored in platelets (Baxter et al. 1989; Weiss et al. 1994; Weiss et al. 1998). 
However, when amines are produced by bacteria and are able to enter the circulation, due 
to an increase in intestinal permeability (as described above), they can be taken up in 
place of 5-HT by platelets, causing 5-HT accumulation in the blood and consequent 
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vasoconstriction of the digital vasculature (Elliott et al. 2003). Additionally, amines 
formed by bacteria could also potentially mimic the action of endogenous amine 
mediators and directly stimulate their receptors causing vasoconstriction (Rang and Dale 
1995).  
Treatment/Prevention of Acidosis 
 The development of hindgut acidosis is directly linked to diet formulations and 
feeding management. Therefore, correction of these variables is central to preventing this 
condition. For example, the amount of fiber in the diet, meal feeding frequency, 
concentrate composition and dietary adaptation are all considerations that should be made 
when creating feeding management protocols for horses.  Simply, prevention of acidosis 
is dependent on decreasing starch bypass to the hindgut and allowing proper adaptation 
of the hindgut microflora and mucosa to the diet. However, because high grain diets are 
necessary to meet the increased energy requirements of the modern horse and some of 
these management considerations can be prohibitive, alternative strategies to prevent and 
mitigate hindgut acidosis are of interest.  
Antibiotics 
Proliferation of the Gram-positive bacteria, Streptococcus spp. (S. bovis) is 
typically implicated in equine carbohydrate-overload and related conditions.  In the past 
the antibiotic virginiamycin, which is active against Gram-positive bacteria, has been 
used as an intervention for the pathogenesis of these conditions (Rowe et al. 1994).   
Virginiamycin is a streptogramin antibiotic (Cocito 1979). In a study by Bailey and 
colleagues (2002), it was demonstrated that virginiamycin treatment could mitigate the 
proliferation of streptococci, accumulation of lactic acid, and decline in pH in horse feces 
in vitro.  However, since then the use of this antibiotic in animals has been prohibited in 
many countries (Casewell et al. 2003), and non-antibiotic alternatives could be of 
interest.  
Buffers 
 The use of buffers to mitigate hindgut acidosis in horses is limited (Pagan et al. 
2010). However, buffers are used routinely in North American feedlots and have been 
shown to effectively prevent and mitigate ruminal acidosis (Erdman 1988; Hutjens 1991).  
Buffers, especially bicarbonate, have been demonstrated to prevent the overgrowth of 
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acid tolerant lactobacilli, mitigate pH depression and decrease the acetate to propionate 
ratio as well as increase important production parameters including: dry matter intake, 
milk yield and milk fat percentage (Davis and Brown 1970; Clark and Davis 1980; 
Downer and Cummings 1985; Erdman 1988; Hutjens 1991). This has historically been 
attributed to the buffer addition increasing total buffering capacity of the rumen (Emery 
and Brown 1961; Boerner et al. 1987; Le Ruyet and Tucker 1992). However, there are 
several problems with this mechanism (Russell and Chow 1993). In order for buffering 
capacity to increase, ruminal CO2, bicarbonate and Na also have to increase. However, 
rumen contents are saturated with CO2 and the cation concentration is closely regulated. 
Therefore, it is unlikely that rumen buffers could increase buffering capacity. Instead, the 
action of buffers is more likely due to an increase in fluid dilution rate (Russell and Chow 
1993). The increase in fluid dilution rate is due to an increase in osmolality with buffer 
addition (Okeke et al. 1983; Rogers et al. 1982), increasing both water consumption and 
influx through the rumen wall (Rogers et al. 1982). Rumen fluid dilution rate plays an 
important role, like pH, in regulating the availability of substrate for microbial 
fermentation and overall microbial activity (Chalupa 1981).   
 Based on the latter mechanistic hypothesis there could be several undesirable 
effects of utilizing buffers in horses. First, by increasing fluid dilution rate, passage rate 
of digesta is also increased. This could impair the overall fermentative capacity of the 
hindgut microflora and therefore, decrease dietary energy available to the animal. 
Furthermore, the hindgut plays a central role in water resorption (Hintz and Cymbaluk 
1994), and disruption of the osmotic balance in the hindgut by the addition of buffering 
agents could be detrimental to this important function. Future research is needed to better 
evaluate the benefits of buffers in the acidotic hindgut.  
Probiotics 
Probiotics are live microorganisms that are beneficial to the host and are believed 
to function by promoting competitive exclusion of pathogenic bacteria (Collins and 
Gibson 1999).  This can occur by increasing competition for nutrients, competition for 
adhesion sites, generation of antimicrobial by-products, inhibition of the production of 
bacterial toxins and lastly improving overall gastrointestinal health (Fuller 1991; Musa et 
al. 2009).  Although, research is limited on the use of probiotics in horses, there are 
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studies that indicate that probiotics can have positive effects on mitigating 
gastrointestinal disturbance in horses including cecal pH decline with grain feeding and 
enterocolitis (Desrochers et al. 2005; Swyers et al. 2008; Jouany et al. 2008). However, 
presently there is not enough evidence to suggest that probiotics could be used to prevent 
or mitigate hindgut acidosis in horses.  
Several studies in bovines have been conducted to evaluate the use of direct fed 
microbials on mitigating ruminal acidosis and related conditions. For example, strains of 
M. elsdenii, a lactate-utilizing bacterium, have been shown to be effective in preventing 
ruminal lactic acidosis (Robinson et al. 1992; Kung and Hession 1995; Aikman et al. 
2011). Furthermore, in a review by Nocek and Kautz (2006), Enterococcus faecium, 
Lactobacillus plantarum and Saccharomyces cerevisiae were suggested to be probiotic 
candidates for mitigating changes associated with rumen acidosis (i.e., pH, dietary intake, 
forage digestibility). However, use of these organisms as probiotics has yielded variable 
results (Wallace and Newbold 1993; Beauchemin et al. 2003).    
PhD Dissertation Research Justification 
With the increasing use of horses for high-level performance activities there has 
been a concomitant increase in demand to feed horses to maximize their athletic 
performance. Typically, this can result in increased high-energy grain rations and 
decreased forage included in the diet. Cereal grains are high in non-structural 
carbohydrates like starch and simple sugars. Starch is enzymatically digested and 
absorbed in the foregut, but this capacity is limited and starch source dependent (Radicke 
et al. 1991; Potter et al. 1992; de Fombelle et al. 2004; Rosenfeld and Austbo 2009). 
When there is a high proportion of cereal grain in the diet, starch can reach the hindgut 
leading to increased viable numbers of amylolytic bacteria (Streptococcus spp. and 
Lactobacillus spp.), increased lactic acid concentrations, decreased environmental pH 
(hindgut pH) and consequent normal flora disturbance (de Fombelle et al. 2001; Bailey et 
al. 2002; Medina et al. 2002; Willing et al. 2009). Furthermore, the bypass of starch to 
the hindgut and consequent microflora disturbance has been implicated in increased risk 
of colic and laminitis in horses (Durham, 2009).  
 It is well documented that the type of cereal grain included in the diet can 
influence the magnitude of hindgut disturbance observed (Radicke et al. 1991; Al Jassim 
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2005). However, no study to our knowledge has been conducted to evaluate the effect of 
starch source on the microbial community and factors affecting amylolytic bacteria 
succession and competition in the equine hindgut. By gaining a better understanding of 
these topics it could allow for greater knowledge of the pathogenesis of starch-overload 
related health conditions and allow for the development of targeted treatment strategies.  
Dissertation Objectives 
For my PhD dissertation, I proposed to study the relationship between starch 
source and concentration on the equine hindgut microbial community. Specifically 
focusing on better delineating the microbial pathogenesis of equine hindgut acidosis and 
exploring factors affecting amylolytic bacteria succession and competition. Objectives for 
my dissertation research include: 
1) Evaluate the effect of starch source (corn, oats and wheat) and 
concentration on equine hindgut microflora and fermentative capacity 
in vivo and in vitro (Chapter 3 and 4). 
2) Determine the effect of substrate, environmental pH and allelopathy on 
amylolytic bacteria growth and competition (Chapter 5).  
3) Explore how factors identified in objective 2 could be used to develop 
targeted treatment strategies for mitigating pH and microbial changes 
associated with hindgut acidosis (Chapter 6). 
 
 
 
 
 
 
 
 
 
 
 
  
32 
Chapter 3: Effect of Dietary Starch Source on Equine Fecal Microbial 
Communities. 
Introduction 
Cereal grains are often included in equine diets to increase energy. Corn, oat, 
wheat, and barley starches are similar in that they consist of amylose and amylopectin, 
but differ in the proportion of those polysaccharides and also in the morphology of the 
starch granule (Kong et al. 2003; Svihus et al. 2005; Tester et al. 2006). Several studies 
have shown that there are differences among cereal grains in regard to small intestinal 
digestibility in horses (Radicke et al. 1991; Potter et al. 1992; de Fombelle et al. 2004; 
Rosenfeld and Austbo, 2009).  
Starch that bypasses small intestinal digestion can reach the hindgut where it will 
be fermented by the resident microbiota. Starch fermentation can lead to increased 
numbers of amylolytic bacteria, including lactobacilli and streptococci, increased lactic 
acid concentrations, decreased pH, and decreased cellulolytic bacteria (de Fombelle et al. 
2001; Medina et al. 2002; Willing et al. 2009).  Most notably, Streptococcus bovis is 
considered the major etiological agent of acute acidosis in ruminants and has been found 
to be numerous in carbohydrate-excess conditions in horses (Hungate et al. 1952; Bailey 
et al. 2003; Milinovich et al. 2006; Nagaraja and Titgemeyer, 2007). Furthermore, the 
bypass of starch to the large intestine and resulting effect on the microbial community has 
been suggested as one of the mechanisms by  which  increased concentrate intake 
elevates the risk for digestive disorders in horses (Durham, 2009). 
Both culture-dependent and -independent methods have shown that adding starch 
to equine diets alters the hindgut microbial community (Kern et al. 1973; Goodson et al. 
1988; Julliand et al. 2001; Willing et al. 2009). However, studies have not investigated 
how starch source affects equine hindgut microflora. We hypothesized that changes to the 
hindgut bacteria in response to dietary starch would be affected by source of starch. The 
objective was to compare the effects of adding oats, corn or wheat middlings to a forage-
based diet on equine hindgut microflora. 
Materials and Methods 
All procedures were approved by the Institutional Animal Care and Use 
Committee at the University of Kentucky. General housing and care of the animals were 
  
33 
consistent with the Guide to Care and Use of Agricultural Animals in Research and 
Teaching (FASS, 2010).  
Animals 
Thirty horses (2 to 17 y; 18 mares, 12 geldings; 571 +/- 46.9 kg) were selected 
from a resident herd based on a history of no gastrointestinal disease in the preceding 4 
mo (Appendix A & B). Horses were blocked by age and gender into 5 blocks of 6 horses 
each. Each block of horses was used for 5 wk. One week prior to the start of each block, 
horses were comingled in a paddock and were shod. In weeks 1 to 4,  the horses were 
housed in individual, partially covered runs with crushed limestone footing (3 × 15 m). 
Each run contained an automatic water source (Mirafont 3390, MiraCo, Grinnell, IA) that 
was accessible by the adjacent run. In addition, the feeding area of the run was equipped 
with rubber mats and a large rubber tub (1.35 m L × 0.635 m H; 378.54 L) bolted to the 
wall with screw eyes and clips to minimize feed loss and to aid in collection of orts. 
 Horses were allowed 6 h of turnout per day in dry lot paddocks. Paddocks 
included a 43 × 17 m dry lot that housed 2 horses or 4 individual dry lots that were 10 × 
10 m square pens. Horses were randomly assigned to a partner and rotated turnout dry lot 
locations daily.  Each horse was also assigned a set of utensils (buckets, tubs, stall 
cleaning utensils) at the start of each block. Runs and pens were cleaned once daily after 
the morning feeding. All assigned cleaning utensils and components of the runs and dry 
lots were thoroughly washed and disinfected between each block of horses.  
Experimental design and diets  
For the first 2 wk (d -14 to d -1), all horses were fed long stem hay (Table 3.1; 
Appendix C). Hay was fed at 2% of BW during wk 1 and decreased to 1.67% of BW at 
the end of wk 2. All horses received this amount of hay for the study. At the beginning of 
wk 3, horses in each block were randomly allocated to 1 of 6 treatments: hay only 
(Control), high corn (HC), high oats (HO), low corn (LC), low oats (LO), and low wheat 
middlings (LW).  Cracked corn, whole cleaned oats and pelleted wheat middlings were 
used. Prior to each block the oats, cracked corn and pelleted wheat middlings to be used 
were analyzed for chemical composition (Table 3.1; Appendix C). The sum of starch and 
ethanol soluble carbohydrates in each starch source was used to adjust feed amounts to 
provide either 1 g starch/kg BW (low treatments) or 2 g starch/kg BW (high treatments). 
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Table 3.1. Chemical composition hay, corn, oats and wheat middlings1 
Nutrient Hay Cracked 
Corn 
Oats Wheat 
Middlings 
DM, % 91.6 88.5 88.6 91.4 
CP, % 12.0 9.1 11.7 16.6 
ADF, % 32.8 4.5 10.6 12.4 
NDF, % 44.9 8.8 23.7 34.2 
Starch, % 1.5 58.7 42.8 21.2 
ESC, % 7.1 2.3 2.5 4.9 
WSC, % 10.2 2.3 2.4 6.0 
Crude Fat, % 2.5 3.6 5.0 4.5 
Ca, % 0.9 0.01 0.07 0.1 
P, % 0.24 0.29 0.47 1.0 
DM: dry matter, CP: crude protein, ADF: acid detergent fiber, NDF: neutral detergent 
fiber, ESC: ethanol soluble carbohydrates, WSC: water soluble carbohydrates, Ca: 
calcium, P: phosphorus. 
1 As sampled basis. Analysis performed by Dairy One, Ithaca NY.  
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Although it would have been desirable to include a high wheat middling 
treatment, the starch content of the wheat middlings would have necessitated a level of 
intake above the capacity of the horses. Therefore, a high wheat middling treatment was 
not included. Consistent with recommended feeding practices (NRC, 2007), the starch 
sources were introduced to the diet gradually beginning with the evening meal on d 1 of 
the treatment period. Horses received 25% of the assigned starch level (high = 2 g 
starch/kg BW; low = 1 g starch/kg BW) on d 1 to 3, 50% on d 4 to 7, 75% on d 8 to 10 
and 100% on d 11 to 14. Horses also received an additional ½ of their assigned starch 
level in the AM prior to turnout.  
Fecal samples were collected on 3 d. The initial sample was collected at the end 
of forage-only period, before starch sources were introduced (S0; d -2). The next samples 
were collected on d 6 (S1) and on d 13 of the starch-feeding period (S2). Additional fecal 
samples were collected on d -1 (S0B) at the end of the forage-only period, and on d 7 
(S1B) and d 14 (S2B) of the starch-feeding period. Feces were collected by free catch and 
rapidly hand-mixed.  
On S0, S1, and S2 a subsample (approximately 1 g) of the fresh feces was placed 
in a pre-weighed sterile Hungate tube for subsequent bacterial enumeration. Once the 
sample was in the tube the rubber stopper was replaced, and the tube was purged of air 
with CO2 for 30 sec via tuberculin needle.  These fresh samples were then maintained at 
37 °C and transported into the laboratory within 2 h of collection. Additional fecal 
samples were collected on these days for determination of fecal fluid pH, fecal DM, 
fermentation end-product concentrations. Fecal fluid pH was determined immediately 
following collection by squeezing a portion of each fecal sample to obtain fecal fluid for 
pH measurement using a portable pH meter.  In addition, a ~100-g sample was placed in 
a plastic bag and transported to the laboratory for fecal DM analysis and two 15 mL 
conical tubes containing feces were frozen (-20 °C) for later SCFA analysis.  
On S0B, S1B, and S2B a subsample of fresh feces (approximately 500 g) was 
collected from HC, HO and Control horses for in vitro gas production analyses (ANKOM 
Technology, Macedon, NY). The fecal samples were collected in a plastic bag 
immediately post defecation and transported to the laboratory for analyses as described 
below. 
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Blood samples 
 Blood was drawn via jugular venipuncture on S0B, S1B, and S2B. Blood draws 
were done using a vacutainer needle (20 G × 1.5 in, Becton, Dickinson and Company 
(BD), Franklin Lake, NJ) with 2 tubes drawn per horse, prior to morning and afternoon 
feeding. The first tube drawn was a sodium fluoride (15 mg) and potassium oxalate (12 
mg) 7.0 mL tube (BD) for collection of plasma and the second was a serum 10.0 mL tube 
(BD). The plasma tube was immediately inverted and subjected to high-speed 
centrifugation (15 min) within 30 min of collection. The serum tube was kept at room 
temperature for 1 h and was then subjected to high-speed centrifugation.  Immediately 
after centrifugation samples were separated into 1 mL aliquots and were frozen (-20 °C) 
for later glucose and lactate analyses. 
Feed refusals 
 Individual horses’ feed refusals were collected during the last 2 d of the forage 
only-feeding period and then during the starch-feeding period. Leftover feed was 
collected from each horse 2 h after morning feeding each day. Feed was collected using 
pre-assigned, disinfected cleaning utensils and pre-weighed collection buckets.  
 Refused feed was divided into grain, clean hay, and dirty hay. Dirty hay consisted 
of any long stem grass hay that had been urinated or defecated on, was wet due to 
weather conditions, or not easily separated from another compound (i.e., mud).  Prior to 
weighing, dirty hay was collected into a mesh laundry bag specific to the horse and was 
rinsed with water until the water ran clean. The bag was then hung until the hay contents 
were dry, and then was weighed to determine the refusal amount. All other feed refusals 
were weighed immediately after collection, and weights were logged separately in the 
refused feed log. Percent refused concentrate and long stem grass hay was then 
determined for each day by calculation using the amount initially provided of each 
feedstuff.  
Bacterial enumerations  
Upon arrival at the laboratory, the Hungate tubes were reweighed and each 
sample was subjected to 10-fold dilution (w/w) with anaerobic PBS (pH 7.4, N2-sparged; 
8 g NaCl, 0.2 g KCl, 1.44 g Na2PO4, 0.24 g KH2PO4 per L; Appendix E) and mixed by 
vortex until the suspension was homogeneous (~45 sec).  The fecal suspensions were 
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then serially diluted (10-fold w/w, anaerobic PBS) in an anaerobic chamber (Coy, Grass 
Lake, MI, 95% CO2, 5% H2) for the inoculation of enumeration media (Table 3.2).  
Total amylolytic bacteria were enumerated in anaerobic liquid media with soluble 
starch (Harlow et al. 2014; Appendix F). The tubes were incubated (37 °C, 3 d). The 
highest dilution exhibiting bacterial growth (visual examination) was recorded as the 
viable number.  Lancefield Group D Gram positive cocci (GPC), which include 
Enterococcus spp., Streptococcus bovis, and S. equinus were enumerated on bile esculin 
azide agar (Enterococcosel; BD, Franklin Lake, NJ; Appendix G). Lactobacillus spp. 
were enumerated on Rogosa SL agar (BD; Appendix H). The plates were incubated 
aerobically (37 °C, 3 d). Plates with 30 < x < 300 colonies were counted. Black colonies 
on bile esculin azide agar were counted as GPC. All colonies on Rogosa SL agar were 
counted as lactobacilli.  
Total lactate-utilizing bacteria were enumerated on L-U agar, previously 
described by Mackie and Heath (1979; Appendix I). The plates were incubated 
anaerobically (37 °C, 5 d). Plates with 30 > x < 300 colonies were counted. All colonies 
on L-U agar were counted as lactate-utilizing bacteria.  
Cellulolytic bacteria were enumerated in anaerobic defined liquid media with 
amorphous cellulose strips as the growth substrate (Harlow et al. 2015a; Appendix J). 
Incubations were carried out under anaerobic conditions at 37 °C for 10 d. Growth was 
evaluated daily by dissolution of the cellulose substrate and microscopy.  The final 
dilution exhibiting dissolution of cellulose on d 10 was recorded as the viable number of 
cellulolytic bacteria.  
Putative Salmonella spp. were enumerated on BBLTM CHROMagarTM Salmonella 
(BD). The plates were incubated aerobically (37 °C, 3 d). Plates with 30 < x < 300 
colonies were counted. Dark to light mauve colonies were counted as Salmonella spp.  
 Clostridium perfringens were enumerated on Sulfite Polymixin Sulfadiazine Agar 
(SPS; BD; Appendix K). Putative Clostridium difficile were enumerated on Clostridium 
Difficile Selective Agar (CDSA; BD). The plates were incubated in an anaerobic 
chamber (37 °C, 3 d). Plates with 30 > x < 300 colonies were counted.      
  
 
Table 3.2. Summary of media, incubation conditions and identifying characteristics used to enumerate selected bacteria 
Bacteria Media Type Colony ID 
Anaerobic/ 
Aerobic 
d, °C 
Amylolytic 
 
Liquid Media + Soluble 
Starch1 
Turbidity Anaerobic 
3 d, 
37 °C 
Group D Gram-positive Cocci 
Bile Esculin Azide Agar 
(Enterococcosel; BD) 
Black Colonies Aerobic 
3 d, 
37 °C 
Lactobacillus spp. 
 
Rogosa SL Agar (BD) All Colonies Aerobic 
3 d, 
37 °C 
Lactate-Utilizing 
 
L-U Agar2 All Colonies Anaerobic 
5 d, 
37 °C 
Cellulolytic 
 
Liquid Media + Cellulose3 
Dissolution of 
Cellulose 
Anaerobic 
10 d, 
37 °C 
Salmonella spp. 
BBLTM CHROMagarTM 
Salmonella (BD) 
Mauve Colonies Aerobic 
3 d, 
37 °C 
Clostridium perfringens 
Sulfite Polymyxin 
Sulfadiazine Agar (SPS, BD) 
Black Colonies Anaerobic 
3 d, 
37 °C 
Clostridium difficile 
Clostridium Difficile 
Selective Media (CDSA, 
BD) 
Filamentous Edges 
and Yellow UV 
Luminescent 
Colonies 
Anaerobic 
3 d, 
37 °C 
 1 Harlow et al. 2014; Appendix F 
 2Mackie and Heath, 1979; Appendix I 
 3Harlow et al. 2015a; Appendix J
3
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Black colonies were counted as C. perfringens. Colonies with filamentous edges and 
yellow UV luminescence were counted as putative C. difficile.  
Isolation and characterization of predominant amylolytic bacteria and putative C. 
difficile 
Solid amylolytic medium was made for bacterial isolation by preparing with agar 
(15,000 mg/mL) in Petri plates. The plates were poured, inoculated, and incubated (37 
°C, 24 h) in an anaerobic chamber (Coy Labs, Grass Lake, MI, USA) with a 95% CO2 
and 5% H2 atmosphere.  
 Samples (200 µL) from the highest dilutions of total amylolytic bacteria were 
used to streak anaerobic solid amylolytic selective medium for isolation of amylolytic 
bacteria. Colonies were then picked and routinely passaged in liquid amylolytic medium 
(37 °C, 24 - 48 h). Colonies from the highest dilutions of CDSA were picked and 
routinely passaged in Reinforced Clostridial Medium (37 °C, 24 - 48 h; Appendix L).  
Pure cultures were cryopreserved for later identification and characterization (-80 °C).  
 Some amylolytic isolates did not survive cryopreservation or had poor laboratory 
viability, thus, an isolate was not obtained from every sample. No amylolytic isolates 
were obtained from block 2. However, at least 3 amylolytic isolates were characterized 
and identified for each treatment and sampling time point. All CDSA isolates were 
characterized and identified. Bacterial isolates were characterized by light microscopy 
and Gram stain. They were further characterized for substrate utilization in the basal 
medium with glucose, inulin, or esculin as the substrate.  Blood hemolysis was 
determined by amending solid basal medium with glucose (4 mg mL-1) and defibrinated 
horse blood (5%; Quad Five, Ryegate, MT, USA). The plates were poured, inoculated, 
and incubated (37 °C, 24 h) in an anaerobic chamber as described above. 
  The phylogenetic identities were determined by 16S RNA gene sequencing. 
Briefly, DNA was extracted from each isolate (lysozyme and achromopeptidase with 
ethanol precipitation; Appendix M), amplified using PCR universal 16S primers 
(Integrated DNA Technologies, Coralville, IA, USA; 5’-
AGAGTTTGATCCTGGCTCAG, 3’ –ACGGCTACCTTGTTACGACTT; Appendix N 
and O) and then sequenced by the University of Kentucky, Advanced Genetic 
Technologies Center (Lexington, KY) using an ABI 3730 DNA Analyzer (Applied 
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Biosystems, Norwalk, CT). Sequences were aligned and analyzed using Geneious (v. 5.1; 
Drummond et al. 2006). The closest phylogenetic relatives of the isolates were 
determined using a BLAST search of GenBank (Benson et al. 2013).  
Fermentation end-product  analyses 
 Fecal samples were thawed and clarified in a microcentrifuge (21,000 × g, 2 min). 
Fermentation end-products  were quantified using HPLC (Dionex, Sunnyvale, CA) 
equipped with an anion exchange column (Aminex, HP-87H; Bio-Rad, Hercules, CA), 
refractive index (Shodex/Showa Denko, Kanagawa, Japan) and UV detector. The column 
was operated at 50 °C with a 0.4 mL/min flow rate, and a H2SO4 (5 mM) mobile phase. 
Plasma glucose and lactate analyses 
 Blood plasma samples were thawed and analyzed for plasma glucose and lactate 
concentrations using the YSI 2300 platform (YSI Incorporated, Yellow Springs, OH).  
In vitro gas production 
 Upon arrival to the laboratory, fecal samples were prepared to determine the 
effects of starch source on in vitro gas production (Appendix P; ANKOM Technology). 
Gas production was not evaluated during block 1 and block 4 due to technical error. The 
ANKOM Gas Production System uses high sensitivity pressure monitoring with wireless 
communication from the gas production modules to computer software. Cell suspensions 
(135 mL per vessel) were dispensed into gas production vessels containing ground (2 mm 
screen) long stem hay or timothy hay cubes. The vessels were then mixed and fitted with 
modules connected to the gas production system for sample analysis. All treatments were 
performed in triplicate on suspensions made from the feces of each horse. Two control 
vessels containing no substrate were included in each gas production run. Gas production 
was measured for 48 h. Cumulative gas production for the 3 vessels containing substrate 
was calculated by subtracting the mean value of the 2 control vessels from the value of 
each sample vessel.  
Statistical Analyses  
 Enumeration data were normalized by log10 transformations prior to statistical 
analyses. Values in figures and tables are presented as true means unless otherwise noted. 
One horse assigned to HO was injured in a paddock accident and was removed from the 
study.  Consequently, the effect of low starch intake (n = 5 / treatment) and the effect of 
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high starch intake (n = 4 / treatment) were analyzed separately.  Data were analyzed using 
the MIXED procedure of SAS as a randomized block design with a repeated measures 
treatment design (v. 9.3, SAS Institute, Inc. Cary, NY).  The class statement included 
horse, treatment (starch source), sample day and block. The model statement included the 
response variable of interest as the dependent variable and treatment, time, block and the 
interaction between treatment and time as fixed effects.   The Kenward-Roger method 
was used to compute the denominator degrees of freedom for the fixed effects and the 
repeated statement requested the autoregressive (ar-1) covariance structure. Means were 
separated using the lsmeans statement with the pdiff option when the F-test for the main 
effect of interest (treatment, sample day or treatment × sample day interaction was 
significant (P < 0.05). Simple linear regression was used to identify relationships among 
the number of lactobacilli and the number of total amylolytic bacteria as well as between 
the number of lactobacilli and the number of GPC.   
For statistical comparison of predominant amylolytic bacteria isolated from each 
treatment, isolate species were individually assigned a 0 (not predominant isolate) or 1 
(predominant isolate) for each observation. The strength of association between treatment 
and isolate species within sample day and between sample days and isolate species within 
treatment were evaluated by Chi-square analysis using the FREQ procedure of SAS (v. 
9.3, SAS Institute, Inc. Cary, NY, USA).  The cellchi2 option was used to display each 
individual comparison’s contribution to the total Pearson chi-square statistic. Statistical 
significance was set at P < 0.05 and a trend at 0.05 < P < 0.1.  
Results 
Feed refusals 
 Feed refusals were measured on the last two days of the hay only-feeding period 
and during the starch-feeding period (Appendix Q). Because horses were fed different 
amounts (based on BW) feed refusals are represented as % of feed offered. When 
comparing long stem hay refusals there was no treatment (P = 0.9999), sample day (P = 
0.9896), or treatment × sample day interaction (P = 0.9899). The largest refusal of long 
stem hay was 2.5% and the mean refusal was 0.11% over the course of the study. Similar 
results were found for grain refusals. Only one horse had any refusal of grain (HC, block 
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#1, d 1 – d 3), which decreased over time. By d 4 of the grain-feeding period the horse 
was consuming the full grain allotment.  
Fecal pH, fecal DM and fermentation end-product analyses 
 For S0 (when all horses were fed only forage), mean fecal fluid pH was 7.79 
(Appendix R; range, 7.28 to 8.07) and mean fecal DM was 22.91% (Appendix S; range, 
19.15% to 24.67%).  Feeding starch at the high level of intake resulted in treatment × 
sample day interactions for fecal fluid pH (P = 0.0052) and fecal DM (Table 3.3; P < 
0.0001).  Both variables remained consistent across sample day in control horses (P > 
0.05).  Fecal fluid pH decreased in horses fed HC (P < 0.05), but was unchanged in 
horses fed HO (P > 0.05).  Fecal DM decreased in horses fed HC, but increased in horses 
fed HO (P < 0.05).  There were treatment × sample day interactions for both fecal fluid 
pH (P < 0.0001) and fecal DM (P = 0.003) in horses fed low starch intakes as well (Table 
3.4). For both variables, values were consistent across sample day for control and LO (P 
> 0.05), but decreased in LC and LW (P < 0.05). There were no sample day, treatment or 
treatment × sample day effects for fecal acetate, propionate or butyrate in horses fed 
either the high or low intakes of starch (P > 0.05; data not shown; Appendix T, U and V). 
Plasma glucose and lactate analyses 
 There were no treatment × sample day interactions for AM or PM plasma glucose 
(AM: Appendix Y; PM: Appendix Z) or lactate (AM: Appendix W; PM: Appendix X) 
concentrations (P > 0.05; data not shown). Mean plasma glucose was 3.99 mM (range: 
1.72 to 5.98 mM) prior to the AM feeding and 3.69 mM (range: 1.42 to 5.37 mM) prior 
to the PM feeding. Mean plasma lactate was 0.84 mM (range: 0.28 to 1.50 mM) prior to 
the AM feeding and 0.60 mM (range: 0.21 to 1.06 mM) prior to the PM feeding.  
In vitro gas production 
 There were no treatment × sample day interactions for 24 or 48 h cumulative gas 
production when long stem grass hay (24 h: Appendix AA; 48 h: Appendix BB) or 
timothy hay cubes (24 h: Appendix CC; 48 h: Appendix DD) were included as the 
substrate (P > 0.05; data not shown). Mean cumulative gas production was 4.44 psi 
(range: 3.37 to 5.85 psi) at 24 h and 6.90 psi at 48 h (range: 4.89 to 10.03 psi) with 
ground long stem grass hay fermentation. Mean cumulative gas production was 4.34 psi  
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Table 3.3. Effect of high oats and high corn diets on fecal pH and DM 
  SO3 S1 S2 Pooled SEM P-value4 
Fecal pH1     0.12 0.0052 
 Control5 7.80a,α 7.87a,α 7.96a,α   
 HO 7.76a,α 7.70a,α 7.97a,α   
 HC 7.76a,α 6.87b,β 7.14b,β   
Fecal DM, %2     0.37 0.0001 
 Control 22.39a,α 23.01a,α 23.15a,α   
 HO 22.99a,α 26.09b,β 26.03b,β   
 HC 21.71a, α 19.90b,γ 18.64c,γ   
1Appendix R; 2Appendix S 
3Sample day – S0, end of the forage-only period before horses had received any starch. 
S1, 6 d after starch was introduced to the diet (starch intake at 50% of the final intended 
rate). S2, 13 d after starch was introduced to the diet (starch intake at 100% of the final 
intended rate). 
4Sample day × treatment (starch source) interaction 
5Treatment (starch source) – Control, hay only (n = 4), HO, high oats (2 g starch/kg BW; 
n =4), HC, high corn (2 g starch/kg BW; n = 4). 
a,b,cMeans lacking a common English letter are different between sample days (rows; P < 
0.05). α,β,γMeans lac£king a common Greek letter are different between starch sources 
within samples days (columns; P < 0.05).  
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Table 3.4. Effect of low oats, corn, and wheat middling diets on fecal pH and DM 
  SO3 S1 S2 Pooled SEM P-value4 
Fecal pH1     0.08 0.0001 
 Control5 7.82a,α 7.91a,α 7.95a,α   
 LO 7.78ab,α 7.54b,β 7.82a,α   
 LC 7.82a,α 6.91b,γ 7.07b,β   
 LW 7.78a,α 6.53b,δ 6.48b,γ   
Fecal DM, %2     0.5 0.003 
 Control 22.84a,α 23.34a,α 23.23a,α   
 LO 22.40a,α 23.07a,α 23.28a,α   
 LC 23.55a,α 22.28a,α 21.61b,β   
 LW 23.35a,α 23.14a,α 20.59b,γ   
1Appendix R; 2Appendix S 
3Sample day – S0, end of the forage-only period before horses had received any starch. 
S1, 6 d after starch was introduced to the diet (starch intake at 50% of the final intended 
rate). S2, 13 d after starch was introduced to the diet (starch intake at 100% of the final 
intended rate). 
4Sample day × treatment (starch source) interaction 
5Treatment (starch source) – Control, hay only (n = 4); LO, low oats (1 g starch/kg BW; n 
=4), LC, low corn (1 g starch/kg BW; n = 4); LW, low wheat middlings (1 g starch/kg 
BW, n =4) 
a,b,cMeans lacking a common English letter are different between sample days (rows; P < 
0.05). α,β,γMeans lacking a common Greek letter are different between starch sources 
within samples days (columns; P < 0.05).  
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(range: 3.09 to 6.31 psi) at 24 h and 6.26 psi at 48 h (range: 4.89 to 10.03 psi) with 
ground timothy hay cubes fermentation.   
 Enumeration of total fecal amylolytic bacteria 
There was a treatment × sample day interaction for amylolytic bacteria 
enumerations with high starch intake (P < 0.0001; Figure 3.1a; Appendix EE). 
Amylolytic bacteria increased in both HC and HO horses, but the magnitude of this 
increase was starch source dependent.   For S2, horses that received HO had 10-fold more 
amylolytic bacteria than horses fed hay only (P < 0.05). In contrast, horses fed HC had 
100,000-fold more amylolytic bacteria than control horses for S2 (P < 0.05). There was 
also a treatment × sample day interaction for amylolytic bacteria enumerations with low 
starch intake (P < 0.0001; Figure 3.1b).  Both LC and LW treatments increased total 
amylolytic bacteria in comparison to control (10,000-fold; P < 0.05), whereas the number 
of amylolytic bacteria was unchanged in horses fed LO (P > 0.05).    
Isolation, identification and characterization of predominant amylolytic bacteria 
The majority of amylolytic bacteria isolated were Gram-positive cocci that 
occurred in chains (58/61 isolates; Table 3.5; Appendix NN). All 61 isolates were able to 
utilize both glucose and inulin as a primary energy source and were non-hemolytic on 
horse blood agar (excluding 1 S. bovis isolate from LO d13 block 3, which was alpha-
hemolytic). However, sequence (16S) analysis revealed that the identity of the isolates  
varied greatly depending on treatment. Most (68%) of the amylolytic isolates grouped 
phylogenetically with genus Enterococcus, with 93% of those belonging to the species E. 
faecalis. Furthermore, 52% of amylolytic isolates obtained at the end of the adaptation 
period (S0; hay only diet) were identified as E. faecalis.   
There was an association between treatment and the predominance of E. faecalis 
on S1 (50% starch; P = 0.0617) and S2 (100% starch; P = 0.0082).  Enterococcus 
faecalis was the most common predominant bacterium in both corn and wheat middling 
fed horses (S1, 70% E. faecalis; S2, 100% E. faecalis). In contrast, oat fed horses had a 
variety of predominant amylolytic bacteria on S1 and S2 (50% Enterococcus spp., 29% 
Streptococcus spp., 14% Lactococcus lactis, 7% Clostridium sordellii).   
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Figure 3.1. The effect of dietary starch source (corn, oats, and wheat middlings) on the 
viable number of total amylolytic bacteria in equine feces (Appendix EE). (a) Horses 
were assigned to treatments: hay only (CON; n = 4), high oats (HO; n = 4; 2 g starch/kg 
BW), or high corn (HC; n = 4; 2 g starch/kg BW). (b) Horses were assigned to 
treatments: hay only (CON; n = 5), low oats (LO; n = 5; 1 g starch/kg BW), low corn 
(LC; n = 5; 1 g starch/kg BW), or low wheat middlings (LW; n = 5; 1 g starch/kg BW). 
An initial sample was obtained at the end of the forage-only feeding period (S0; black 
bars) before starch sources were introduced. Additional samples were taken on d 6 when 
horses were receiving 50% of the assigned starch source (S1; hatched bars) and on d 13 
when they were receiving 100% of the assigned starch source (S2; grey bars).   The 
enumerations were performed in anaerobic liquid media with soluble starch as the growth 
substrate. The tubes were incubated (37 °C, 3 d), and the final dilution exhibiting 
bacterial growth was recorded as the viable number. Means lacking a common English 
letter are different within sample day (P < 0.05). Means lacking a common Greek letter 
are different between sample days within a treatment (P < 0.05); (a) Treatment: P < 
0.0001, sample day: P < 0.0001, and treatment × sample day: P < 0.0001; Pooled SEM: 
treatment = 0.0731, sample day = 0.0780, and treatment × sample day = 0.1351 (log10 
transformed); (b) Treatment: P < 0.0001, sample day: P < 0.0001, and treatment × 
sample day: P < 0.0001; Pooled SEM: treatment = 0.1109, time = 0.0794, and treatment 
× sample day = 0.1588 (log10 transformed). 
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Table 3.5. Closest phylogenetic relative of the equine amylolytic bacteria isolates (> 97% 
16S gene sequence identity)1 
 
 
Block 
S0 S1 S2 
C
o
n
tr
o
l 1 Enterococcus faecalis - Enterococcus faecalis 
3 Enterococcus faecalis Enterococcus faecalis Enterococcus faecalis 
4 Enterococcus faecalis Bisgaard Taxon 10 - 
5 Enterococcus faecalis Enterococcus faecalis Enterococcus faecalis 
H
C
 
1 Enterococcus faecalis Enterococcus avium Enterococcus faecalis 
3 Streptococcus bovis - Enterococcus faecalis 
4 Streptococcus macedonicus Enterococcus faecalis - 
5 Escherichia coli Enterococcus faecalis Enterococcus faecalis 
H
O
 
1 Enterococcus faecalis Streptococcus bovis Lactococcus lactis 
3 Enterococcus faecalis Enterococcus faecalis 
Enterococcus avium 
Streptococcus bovis 
4 - Enterococcus faecalis - 
5 Streptococcus macedonicus - Clostridium sordellii 
L
C
 
1 Lactococcus lactis Enterococcus avium Enterococcus faecalis 
3 Enterococcus faecalis Streptococcus bovis Enterococcus faecalis 
4 - Enterococcus faecalis Enterococcus faecalis 
5 Streptococcus macedonicus Enterococcus faecalis - 
L
O
 
1 Streptococcus bovis Lactococcus lactis Enterococcus avium 
3 Enterococcus faecalis Streptococcus criceti Streptococcus bovis 
4 - Enterococcus faecalis Enterococcus faecalis 
5 Enterococcus faecalis Enterococcus faecalis - 
L
W
 
1 Bisgaard Taxon 10 Enterococcus faecalis Enterococcus faecalis 
3 Streptococcus bovis Enterococcus faecalis Enterococcus faecalis 
4 Streptococcus macedonicus Enterococcus faecalis Enterococcus faecalis 
5 Enterococcus faecalis - Enterococcus faecalis 
1Appendix NN 
- indicates isolate was not identified and characterized 
Control (hay only), HC (high corn), HO (high oats), LC (low corn), LO (low oats), LW 
(low wheat); high = 2 g starch/kg BW, low = 1 g starch/kg BW 
S0 (hay only), S1 (d 6; 50% final starch intake), S2 (d 13; 100% final starch intak
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Furthermore, there was an association between time and the predominance of E. 
faecalis within the HC (P = 0.0764), HO (P = 0.0941), LC (P = 0.0022) and LW (P = 
0.0271) treatments. In corn fed horses (both HC and LC), the frequency with which E. 
faecalis was isolated increased with increasing starch intake (HC: S0, 29% E. faecalis; 
S1, 57% E. faecalis; S2, 100% E. faecalis), and a similar trend was also observed in 
wheat middling fed horses (S0, 25% E. faecalis; S1 and S2, 100% E. faecalis).  In 
contrast, the frequency of E. faecalis isolation decreased with increasing starch intake in 
HO horses. On S2, E. faecalis was not isolated from any horse fed the HO diet.  
Enumeration of total fecal GPC bacteria 
At the end of the adaptation period, when all horses were fed a hay only diet (S0), 
the number of GPC bacteria observed in the feces of individual horses ranged from 2.05 
× 104 to 6.55 × 105 cfu/g feces.   There was a treatment × sample day interaction for fecal 
GPC enumerations with high starch intake (P < 0.0001; Figure 3.2a; Appendix FF).  The 
viable number of GPC in HC horses increased (P < 0.05) however, the viable number of 
GPC in HO horses decreased (P < 0.05). There was also a treatment × sample day 
interaction for GPC enumerations with low starch intake (P < 0.0001; Figure 3.2b).   
Viable numbers of GPC increased in both LW and LC (P < 0.05), but decreased in horses 
fed LO (P < 0.05).  
Enumeration of total fecal lactobacilli  
 The number of lactobacilli in feces from horses ranged from 2.40 × 104 to 9.65 × 
104 cfu/g feces in S0.  There was a treatment × sample day interaction for lactobacilli 
enumerations with high starch intake (P < 0.0001; Figure 3.3a; Appendix GG). The 
number of fecal lactobacilli did not change during the sampling period in control horses 
(P > 0.05), but decreased in HC horses (P < 0.05).  In contrast, the number of lactobacilli 
increased (P < 0.05) in HO horses.  There was also a treatment × sample day interaction 
for fecal lactobacilli enumerations with low starch intake (P = 0.0013; Figure 3.3b). 
In this case, the LC diet resulted in decreased numbers of viable lactobacilli, compared to 
controls while both LO and LW diets promoted the growth of lactobacilli (P < 0.05). 
Furthermore, within fecal samples from S2, there were negative correlations between the 
viable number of lactobacilli and total amylolytic bacteria (r = -0.97) and between 
lactobacilli and GPC (r = -0.99; Figure 3.4). 
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Figure 3.2. The effect of dietary starch source (corn, oats, and wheat middlings) on the 
viable number of Group D Gram-positive cocci (GPC; enterococci and Streptococcus 
bovis/equinus) in equine feces (Appendix FF). (a) Horses were assigned to treatments: 
hay only (CON; n = 4), high oats (HO; n = 4; 2 g starch/kg BW), or high corn (HC; n = 4; 
2 g starch/kg BW). (b) Horses were assigned to treatments: hay only (CON; n = 5), low 
oats (LO; n = 5; 1 g starch/kg BW), low corn (LC; n = 5; 1 g starch/kg BW), or low 
wheat middlings (LW; n = 5; 1 g starch/kg BW). An initial sample was obtained at the 
end of the forage-only feeding period (S0; black bars) before starch sources were 
introduced. Additional samples were taken on d 6 when horses were receiving 50% of the 
assigned starch source (S1; hatched bars) and on d 13 when they were receiving 100% of 
the assigned starch source (S2; grey bars). GPC were enumerated on bile esculin azide 
agar (BD). The plates were incubated aerobically (37 °C, 3 d). Plates with 30 < x < 300 
colonies were counted. Black colonies on bile esculin azide agar were counted as GPC. 
Means lacking a common English letter are different within sample day point (P < 0.05). 
Means lacking a common Greek letter are different between sample days within a 
treatment (P < 0.05); (a) Treatment: P = 0.0026, sample day: P = 0.9259, and treatment × 
sample day: P < 0.0001; Pooled SEM: treatment = 0.0948, sample day = 0.0713, and 
treatment × sample day = 0.1234 (log10 transformed); (b) Treatment: P = 0.0002, sample 
day: P = 0.0879, and treatment × sample day: P< 0.0001; Pooled SEM: treatment = 
0.0642, sample day = 0.0423, and treatment × sample day = 0.0859 (log10 transformed). 
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Figure 3.3. The effect of dietary starch source (corn, oats, and wheat middlings) on the 
viable number of lactobacilli in equine feces (Appendix GG). (a) Horses were assigned to 
treatments: hay only (CON; n = 4), high oats (HO; n = 4; 2 g starch kg BW-1), or high 
corn (HC; n = 4; 2 g starch/kg BW). (b) Horses were assigned to treatments: hay only 
(CON; n = 5), low oats (LO; n = 5; 1 g starch/kg BW), low corn (LC; n = 5; 1 g starch/kg 
BW), or low wheat middlings (LW; n = 5; 1 g starch/kg BW). An initial sample was 
obtained at the end of the forage-only feeding period (S0; black bars) before starch 
sources were introduced. Additional samples were taken on d 6 when horses were 
receiving 50% of the assigned starch source (S1; hatched bars) and on d 13 when they 
were receiving 100% of the assigned starch source (S2; grey bars). The enumerations 
were performed on Rogosa SL agar (BD). The plates were incubated aerobically (37 °C, 
3 d). Plates with 30 < x < 300 colonies were counted. All colonies on Rogosa SL agar 
were counted as lactobacilli. Means lacking a common English letter are different within 
sample day (P < 0.05). Means lacking a common Greek letter are different between 
sample days within a treatment (P < 0.05); (a) Treatment: P < 0.0001, sample day: P < 
0.0001, and treatment × sample day: P < 0.0001; Pooled SEM: treatment = 0.0481, 
sample day = 0.0315, and treatment × sample day = 0.0546 (log10 transformed); (b) 
Treatment: P < 0.0001, sample day: P < 0.0001, and treatment × sample day: P < 0.0001; 
Pooled SEM: treatment = 0.0360, sample day = 0.0237, and treatment × sample day = 
0.0473 (log10 transformed). 
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Figure 3.4. The relationship between fecal amylolytic bacteria enumerations in horses 
fed either corn or oats. Horses were assigned to treatments: high oats (HO; n = 4; 2 g 
starch kg BW-1), or high corn (HC; n = 4; 2 g starch kg BW-1). Fecal samples were taken 
on d 13 when horses were receiving 100% of the assigned starch source. Simple linear 
regression identified negative relationships between (a) the number of lactobacilli and the 
number of total amylolytic bacteria (r = -0.97) as well as between (b) the number of 
lactobacilli and the number of Group D Gram-posotive cocci (GPC; r = -0.99).  
Lactobacilli enumerations were performed on Rogosa SL agar (BD). The plates were 
incubated aerobically (37 °C, 3 d). Plates with 30 < x < 300 colonies were counted. All 
colonies on Rogosa SL agar were counted as lactobacilli. Total amylolytic bacteria 
enumerations were performed in anaerobic liquid media with soluble starch as the growth 
substrate. The tubes were incubated (37 °C, 3 d), and the final dilution exhibiting 
bacterial growth (visual examination) was recorded as the viable number. GPC were 
enumerated on bile esculin azide agar (BD). The plates were incubated aerobically (37 
°C, 3 d). Plates with 30 < x < 300 colonies were counted. Black colonies on bile esculin 
azide agar were counted as GPC.    
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Enumeration of total fecal lactate-utilizing bacteria  
 The number of total lactate-utilizing bacteria in S0 feces of individual horses 
ranged from 3.00 × 105 to 4.55 × 105 cfu/g.  There was a treatment × sample day 
interaction for total lactate-utilizing bacteria enumerations with high starch intake (P < 
0.0001; Figure 3.5a; Appendix HH).  The number of lactate-utilizing bacteria increased 
in horses fed HO (P < 0.05), but decreased in horses fed HC (P < 0.05), while no change 
in numbers occurred in horses fed the control diet (P > 0.05). There was also a treatment 
× sample day interaction for total lactate-utilizing bacteria with low starch intake (P < 
0.0001; Figure 3.5b).  Feeding the LO diet promoted the growth of lactate-utilizing 
bacteria with the opposite effect observed in LC horses (P < 0.05, in both cases). No 
changes in lactate-utilizing bacteria were observed in control or LW horses (P > 0.05).    
Enumeration of total fecal cellulolytic bacteria  
At the end of the forage-only period (S0), the cellulolytic bacteria in the feces of 
individual horses ranged from 106 to 107 cfu/g.   The number of cellulolytic bacteria 
remained constant in horses fed the control diet, but decreased in horses fed HC and HO 
(treatment × sample day: P < 0.0001; Figure 3.6a; Appendix II).  Furthermore, while the 
number of cellulolytic bacteria decreased from S0 to S2 in both HC and HO horses, the 
magnitude of the decrease was starch source dependent.  Horses fed HO had < 10-fold 
fewer viable cellulolytic bacteria than control horses in S2 (P < 0.05).  In contrast, HC 
horses had 1,000-fold fewer cellulolytic bacteria than control in S2 feces (P < 0.05).  
There was also a treatment × sample day interaction for total cellulolytic bacteria 
enumerations with low starch intake (P < 0.0001; Figure 3.6b).  The number of 
cellulolytic bacteria in the feces of horses fed LC and LW decreased (P < 0.05), but 
remained constant in horses fed LO or the control diet (P > 0.05).  
Enumeration of total fecal salmonella 
 The presence of salmonella in collected fecal samples was extremely variable 
(Appendix JJ). The viable number of salmonella detected over all fecal samples ranged 
from 0 to 700 cfu/g feces. Furthermore, 1/3 of the fecal samples taken during the hay 
only feeding period were positive for salmonella. Ninety percent of horses were positive 
for salmonella on at least one sample day over the course of the study.  
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Figure 3.5. The effect of dietary starch source (corn, oats, and wheat middlings) on the 
viable number of total lactate-utilizing bacteria in equine feces (Appendix HH). (a) 
Horses were assigned to treatments: hay only (CON; n = 4), high oats (HO; n = 4; 2 g 
starch/kg BW), or high corn (HC; n = 4; 2 g starch/kg BW). (b) Horses were assigned to 
treatments: hay only (CON; n = 5), low oats (LO; n = 5; 1 g starch/kg BW), low corn 
(LC; n = 5; 1 g starch/kg BW), or low wheat middlings (LW; n = 5; 1 g starch/kg BW). 
An initial sample was obtained at the end of the forage-only feeding period (S0; black 
bars) before starch sources were introduced. Additional samples were taken on d 6 when 
horses were receiving 50% of the assigned starch source (S1; hatched bars) and on d 13 
when they were receiving 100% of the assigned starch source (S2; grey bars).  Total 
lactate-utilizing bacteria were enumerated on L-U agar. The plates were incubated 
anaerobically (37 °C, 5 d). Plates with 30 < x < 300 colonies were counted. All colonies 
on L-U agar were counted as lactate-utilizing bacteria. Means lacking a common English 
letter are different within sample day point (P < 0.05). Means lacking a common Greek 
letter are different between sample days within a treatment (P < 0.05); (a) Treatment: P = 
0.0001, sample day: P = 0.3902, and treatment × sample day: P < 0.0001; Pooled SEM: 
treatment = 0.02121, sample day = 0.0165, and treatment × sample day = 0.0287 (log10 
transformed); (b) Treatment: P = 0.0002, sample day: P = 0.9747, and treatment × 
sample day: P < 0.0001; Pooled SEM: treatment = 0.0114, sample day = 0.0073, and 
treatment × sample day = 0.0145 (log10 transformed). 
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Figure 3.6. The effect of dietary starch source (corn, oats, and wheat middlings) on the 
viable number of total cellulolytic bacteria in equine feces (Appendix II). (a) Horses were 
assigned to treatments: hay only (CON; n = 4), high oats (HO; n = 4; 2 g starch/kg BW), 
or high corn (HC; n = 4; 2 g starch/kg BW). (b) Horses were assigned to treatments: hay 
only (CON; n = 5), low oats (LO; n = 5; 1 g starch/kg BW), low corn (LC; n = 5; 1 g 
starch/kg BW), or low wheat middlings (LW; n = 5; 1 g starch/kg BW). An initial sample 
was obtained at the end of the forage-only feeding period (S0; black bars) before starch 
sources were introduced. Additional samples were taken on d 6 when horses were 
receiving 50% of the assigned starch source (S1; hatched bars) and on d 13 when they 
were receiving 100% of the assigned starch source (S2; grey bars). The enumerations 
were performed in anaerobic liquid media with amorphous cellulose as the growth 
substrate. The tubes were incubated (37 °C, 10 d), and the final dilution exhibiting 
dissolution of cellulose (visual examination) was recorded as the viable number. Means 
lacking a common English letter are different within sample day (P < 0.05). Means 
lacking a common Greek letter are different between sample days within a treatment (P < 
0.05); (a) Treatment: P < 0.0001, sample day: P < 0.0001, and treatment × sample day: P 
< 0.0001; Pooled SEM: treatment = 0.1059, sample day = 0.0935, and treatment × sample 
day = 0.1620 (log10 transformed); (b) Treatment: P < 0.0001, sample day: P < 0.0001, 
and treatment × sample day: P < 0.0001; Pooled SEM: treatment = 0.0894, sample day = 
0.0614, and treatment × sample day = 0.1227 (log10 transformed). 
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However, no treatment  sample day interactions were observed for salmonella 
enumerations (P > 0.05; data not shown).    
Enumeration of total fecal Clostridium perfringens 
 Four of 30 samples during the hay only feeding period and 11% overall fecal 
samples were positive for C. perfringens (Appendix JJ). The highest enumeration of C. 
perfringens observed was 100 cfu g feces-1. C. perfringens occurred in all treatment 
groups, but there were no treatment  sample day interactions observed (P > 0.05; data 
not shown).   
Enumeration, identification and characterization of fecal putative Clostridium difficile  
 At the end of the hay only feeding period (S0) one of 30 fecal samples were 
positive for C. difficile (Appendix LL). There was a treatment × sample day interaction 
for putative C. difficile enumerations with high (P < 0.0001; Figure 3.7a) and low starch 
intake (P < 0.0001; Figure 3.7b). Putative C. difficile increased with increasing starch 
intake in HC, LC and LW horses (P < 0.05).  In contrast, HO, LO and control horses did 
not have any detectable putative C. difficile in S1 and S2.  
 All putative C. difficile isolates were Gram-positive cocci that occurred in short 
chains (Appendix MM).  All 30 isolates were able to utilize glucose, inulin and esculin as 
a primary energy source and were non-hemolytic on horse blood agar. Sequence (16S) 
analysis revealed that the identity of all isolates were Enterococcus faecalis.  
Discussion 
Starch source has been shown to affect the extent of starch bypass to the equine 
hindgut (Radicke et al. 1991; Potter et al. 1992; de Fombelle et al. 2004; Rosenfeld and 
Austbo, 2009). We hypothesized that starch source would also affect changes to the 
gastrointestinal microbial community that are induced when a grain-based concentrate is 
added to a forage-based diet.  
At the lower level of starch intake, the number of amylolytic bacteria was 
increased by corn and wheat middlings, but not by oats. At the higher level of starch 
intake, both oats and corn increased the number of amylolytic bacteria, but the magnitude 
of the increase was much greater for horses fed corn. The differential responses to corn 
and oats are consistent with previous studies that have demonstrated that corn starch is 
less susceptible to enzymatic digestion in the equine small intestine and thus more likely  
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Figure 3.7. The effect of dietary starch source (corn, oats, and wheat middlings) on the 
viable number of putative Clostridium difficile (CDSA) in equine feces (Appendix LL). 
(a) Horses were assigned to treatments: hay only (CON; n = 4), high oats (HO; n = 4; 2 g 
starch/kg BW), or high corn (HC; n = 4; 2 g starch/kg BW). (b) Horses were assigned to 
treatments: hay only (CON; n = 5), low oats (LO; n = 5; 1 g starch/kg BW), low corn 
(LC; n = 5; 1 g starch/kg BW), or low wheat middlings (LW; n = 5; 1 g starch/kg BW). 
An initial sample was obtained at the end of the forage-only feeding period (S0; black 
bars) before starch sources were introduced. Additional samples were taken on d 6 when 
horses were receiving 50% of the assigned starch source (S1; hatched bars) and on d 13 
when they were receiving 100% of the assigned starch source (S2; grey bars). The 
enumerations were performed on Clostridium difficile Selective Agar (BD). The plates 
were incubated anaerobically (37 °C, 3 d). Plates with 30 < x < 300 colonies were 
counted. Colonies with filamentous edges and exhibiting yellow UV luminescence were 
counted as putative C. difficile. 0 indicates – none detected.  Means lacking a common 
English letter are different within sample day (P < 0.05). Means lacking a common Greek 
letter are different between sample days within a treatment (P < 0.05); (a) Treatment: P < 
0.0001, sample day: P < 0.0001, and treatment × sample day: P < 0.0001; Pooled SEM: 
treatment = 0.0491, sample day = 0.0142, and treatment × sample day = 0.0293 (log10 
transformed); (b) Treatment: P < 0.0001, sample day: P < 0.0001, and treatment × 
sample day: P < 0.0001; Pooled SEM: treatment = 0.0568, sample day = 0.0132, and 
treatment × sample day = 0.0315 (log10 transformed).
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to be available for fermentation in the large intestine, than oat starch (Radicke et al. 1991; 
Rosenfeld and Austbo, 2009). Presumably the greater proliferation of amylolytic bacteria 
in horses fed the HC diet compared to the HO diet results from increased substrate 
availability due to lower small intestinal digestibility of corn starch.  
Lactobacilli and GPC bacteria can both utilize starch as a substrate. In addition to 
affecting the number of total amylolytic bacteria, starch source affected the number of 
lactobacilli and GPC bacteria. At both the high and low level of starch intake, corn 
resulted in an increase in GPC bacteria, while adding oats to the diet resulted in a 
decrease in GPC bacteria. As observed for total amylolytic bacteria, the response of the 
GPC bacteria to wheat middlings was more similar to the response observed with corn 
than with oats.  The proliferation of streptococci, which are among the bacteria 
enumerated on the GPC media, has previously been reported in response to increasing the 
amount of barley starch in the diet (de Fombelle et al. 2001; Julliand et al. 2001; Medina 
et al. 2002). Barley is generally considered to be similar to corn in regard to small 
intestinal starch digestibility (Julliand et al. 2005).  Streptococci have also been shown to 
proliferate in response to increasing dietary oligofructose (Milinovich et al. 2006), but an 
increase in streptococci in response to feeding oats has been less consistently reported. 
Kern et al. (1973) did not observe an increase in cecal streptococci when oats were added 
to hay-based diets. However, Willing et al. (2009) reported that total lactic acid 
producing bacteria, including streptococci, increased in the feces when oats were 
substituted for forage in the diet of horses.  
The number of lactobacilli in the feces of horses fed HO, LO and LW increased 
during the sampling period. Conversely, the number of lactobacilli in the feces of horses 
fed corn decreased during the sampling period. Consequently, it appears that although all 
starch sources stimulated an increase in the number of total amylolytic bacteria, there 
were differences in which amylolytic bacteria proliferated in response to each starch 
source.   
In the current study, the viable number of GPC and lactobacilli were 
approximately equal to the viable number of amylolytic bacteria observed in hay and oat 
fed horses. However, lactobacilli and GPC did not account for 99.99% of the amylolytic 
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bacteria in horses fed corn and wheat middlings, which increased by as much as 100,000-
fold when grain feeding began.  These observations resulted in the hypothesis that the 
growth of predominant amylolytic bacteria would be starch source dependent. To 
investigate this hypothesis, the predominant fecal amylolytic bacteria isolated from the 
horses in this study were identified and characterized.   
Although most isolates were similar in morphology, Gram-stain, and substrate 
utilization, sequence (16S) analysis revealed that the identity of the isolates varied greatly 
depending on treatment. Most (64%) of the amylolytic isolates were identified as E.  
faecalis, including 52% of the amylolytic isolates in SO (hay-only diet) fecal samples. 
These results are the first, to our knowledge that identify E. faecalis as a predominant 
amylolytic bacterium in equine feces. Furthermore, there were associations between 
treatment, sample day and the predominance of E. faecalis. E. faecalis was the 
predominant amylolytic bacterium in both corn and wheat middling fed horses with a 
greater frequency of isolation observed with increasing starch intake. In contrast, oat fed 
horses had a variety of predominant amylolytic bacteria with the frequency of E. faecalis 
isolation decreasing with increasing starch intake.  
All E. faecalis isolates were able to utilize esculin as a sole carbon source, which 
is typical of the species (Schleifer and Kilpper-Balz, 1984). However, E. faecalis isolated 
from HC, LC and LW horses on S1 and S2 were not enumerable on bile-esculin-azide 
agar, indicating that these isolates are susceptible to the antimicrobial action of bile and 
azide. Bile-esculin-azide agar is routinely used in equine studies for the selective 
enumeration of amylolytic bacteria (de Fombelle et al. 2001; Julliand et al. 2001; Bailey 
et al. 2003; Harlow et al. 2015). However, based on the results of the current study, bile-
esculin-azide agar is not a sufficient medium for detecting predominant amylolytic 
bacteria under certain conditions. A non-selective media type with starch as the sole 
growth substrate, like the basal media + soluble starch utilized in the current study, might 
enhance detection of amylolytic bacteria from equine feces.  
In the current study grain inclusion, regardless of source, did not affect the 
enumeration of salmonella or Clostridium perfringens from equine feces.  In contrast, 
putative C. difficile did proliferate when horses were fed increasing amounts of corn or 
wheat middlings. However, with sequence (16S) analysis the predominant isolates from 
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CDSA were also identified as E. faecalis. CDSA agar contains several selective agents to 
increase the recovery of C. difficile including two selective antibiotics, cycloserine and 
cefoxitin. One possible hypothesis to explain the observed results, is that as the total 
population of E. faecalis proliferate with corn and wheat middling fermentation the sub-
population of antimicrobial resistant E. faecalis is also growing. Therefore, in the current 
study corn and wheat middling feeding promoted E. faecalis antimicrobial resistance, 
without any antimicrobial treatment.  
Enterococcus faecalis, previously classified as Streptococcus faecalis, is a Gram-
positive, non-spore forming, facultative anaerobic bacterium that is indigenous to the 
gastrointestinal tract (Sherman, 1937; Schleifer and Kilpper-Balz, 1984; Fisher and 
Phillips, 2009).  Enterococci are among the most common nosocomial pathogens (Klare 
et al. 2001). They produce several virulence factors and possess a broad spectrum of 
intrinsic and transferable antibiotic resistance mechanisms (Klare et al. 2001). E. faecalis 
is extremely pH-tolerant, oxygen-tolerant, has the ability to produce bacteriocins and 
other small antimicrobial molecules, and has a broad metabolic capacity (saccharolytic, 
proteolytic and lipolytic functionality) allowing it to grow in most environments (Moreno 
et al. 2006; Fisher and Phillips, 2009). Additionally, E. faecalis has the ability to produce 
amines and proteinases and could therefore, play an important role in the development of 
several starch-overload related health conditions in horses (Gardini et al. 2001).  
Previous research has implicated S. bovis/equinus as the major etiological agent of 
acute rumen acidosis (lactic acidosis) and several carbohydrate overload-related health 
conditions in horses because of its prevalence in carbohydrate excess conditions, and its 
ability to produce amines and proteinases (Hungate et al. 1952; Bailey et al. 2004; 
Milinovich et al. 2006; Nagaraja and Titgemeyer, 2007).  However, only 11% of 
amylolytic isolates in the current study phylogenetically grouped with S. bovis. The 
horses in the current study were gradually adapted over a 2 wk period to their final starch 
intake. In ruminant animals, the proliferation of S. bovis only occurs when animals are 
un-adapted to grain feeding or during the step-up feeding period (Krogh, 1963; Mann, 
1970; Nagaraja and Titgemeyer, 2007). In fact, research has demonstrated that once cattle 
are adapted to a high grain diet, the number of S. bovis decline to be similar to the viable 
number in forage-fed cattle (Hungate et al. 1952; Krogh, 1961; Allison et al. 1975; 
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Nagaraja et al. 1998). Previous research in ponies un-adapted to grain feeding have 
observed that viable numbers of lactobacilli and GPC (reported as streptococci), rapidly 
increased following an abrupt incorporation of barley into a hay diet (50% rolled barley, 
50% hay; de Fombelle et al. 2001). These researchers also reported an increase in GPC 
and lactobacilli after ponies were adapted to the same diet for 14 d (Julliand et al. 2001). 
However, they did not report enumerations over the course of adaptation to the barley 
diet, and to our knowledge, the effect of grain adaptation on predominant amylolytic 
bacteria and S. bovis proliferation has not been studied in horses. Therefore, it could be 
speculated that the equine hindgut would respond to starch and adaptation in a similar 
manner as the rumen. 
 In an acutely acidic rumen, S. bovis proliferation is only transient and viable 
numbers decline while lactobacilli increase, indicating a potential competitive 
relationship between these bacteria (Hungate et al. 1952; Krogh, 1961, Krogh, 1963; 
Allison et al. 1975; Nagaraja et al. 1998).  Similarly, in the current study, a strong 
negative correlation was identified between the viable number of lactobacilli and GPC 
(Enterococcus spp., S. bovis/equinus) and the viable number of lactobacilli and total 
amylolytic bacteria on S2 (r = -0.99 and r = -0.97, respectively), indicating a potential 
competitive relationship between these bacteria. Amylolytic bacterial competition could 
be explained by several different factors, including both plant-specific factors and 
bacteria-specific factors.  
The plant-specific factors that could influence starch fermentation in the hindgut 
include starch chemistry, non-starch components, and endosperm structure. Corn, oats 
and wheat starches differ both in composition (proportion of amylose and amylopectin) 
and morphology (Kong et al. 2003; Svihus et al. 2005; Tester and Karkalas 2006). It is 
also possible that a non-starch component of the grain could influence bacterial 
competition. For example, oats contain the soluble fiber β-glucan. Although research is 
limited on β-glucan fermentation in the equine hindgut, human research has suggested 
that oat β-glucan is completely fermented in the colon by Bacteroides spp., producing 
short chain fatty acids for host utilization and promoting normal microflora stability 
(Crittenden et al. 2002). Additionally, Snart and colleagues (2005) demonstrated that β-
glucans could act as a prebiotic, promoting the growth of lactobacilli.  
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Bacteria-specific factors (e.g., substrate affinity, substrate preference, pH 
tolerance) could also influence competition among amylolytic bacteria (Kotarski et al. 
1992). Bacterial amylases can vary greatly in active site structure and substrate 
specificity and affinity, which could allow one bacterium to outcompete another for 
starch substrate (MacGregor, 1988; Aguilar et al. 2000; MacGregor et al. 2001). A few 
studies have been done to look at the effect of substrate affinity on amylolytic bacteria 
competition (Russell and Baldwin, 1979; Russell et al. 1980; Russell and Robinson, 
1984).  In addition, McAllister and colleagues (1990) compared the capacity of 3 ruminal 
amylolytic bacteria (S. bovis, Ruminobacter amylophilus and Butyrvibrio fibrosolvens) to 
digest corn, wheat or barley whole grain flour. Although the rates of starch digestion by 
S. bovis were similar regardless of grain type, several notable differences were observed 
with R. amylophilus and B. fibrosolvens. R. amylophilus preferentially colonized barley 
and had higher percentages of starch disappearance than when incubated with corn or 
wheat starch. In contrast, B. fibrosolvens digested similar amounts of barley and corn 
starch, but little wheat starch. These observations support the concept that starch 
fermentation is influenced not only by starch source, but also by the microorganism 
present to digest the starch.  Additionally, many amylolytic bacteria are capable of 
producing bacteriocins and other antimicrobial molecules that could influence bacterial 
competition (Iverson and Millis, 1976; Whitford et al. 2001; Russell and Mantovani, 
2002; Xiao et al. 2004; Fisher and Phillips, 2009). For example, E. faecalis and S. bovis 
produce compounds with antimicrobial activity against Lactobacillus spp. and each other 
(Iverson and Millis, 1976; Xiao et al. 2004; Moreno et al. 2006). 
Addition of starch to equine diets has often been linked to decreased fibrolytic 
activity. Thompson and coworkers (1984) found that cellulose and ADF digestibility 
decreased in horses when 60% or more of the dietary forage was replaced with oats. 
Replacing hay with barley resulted in decreased NDF and ADF digestibility as well as a 
decrease in cellulolytic bacteria in the large intestine of fistulated ponies (Drogoul et al. 
2001; Julliand et al. 2001). Similarly, Medina et al. (2002) replaced dehydrated alfalfa 
with barley and reported a decrease in cellulolytic bacteria in the cecum of fistulated 
horses.  In those studies, the increase in starch intake was confounded with a decrease in 
NDF intake. In our study the starch sources were fed in addition to the hay, and the 
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amount of hay that was fed during the sampling period remained constant for all horses. 
Thus, the decrease in cellulolytic bacteria in horses fed LC, LW, HC and HO can be more 
confidently attributed to the addition of starch to the diet and not to a decrease in dietary 
fiber intake. 
As mentioned previously, grain inclusion in the diet resulted in a decrease in 
cellulolytic bacteria enumerations (excluding LO), with the most substantial decrease 
(100-1,000-fold) observed in horses fed corn or wheat middlings. However, there were 
no detectable effects of grain inclusion on in vitro gas production.  Few research studies 
have reported that use of a fecal inoculum yields similar gas production results as a 
rumen fluid inoculum (Macheboeuf and Jestin, 1997; Lowman et al. 1999). However, 
little research has been conducted using in vitro gas production methods in horses. 
Therefore, this procedure is still being adjusted. Furthermore, many data points were 
missing from our gas production data set due to several problems encountered with the 
modules, unexpected power outages and technical error. Because there was so much 
inconsistency in the current study, future research is needed to further modify and perfect 
the in vitro gas production technique for use in horses.   
In ruminants, pH has been reported to inhibit the metabolism and growth of 
fibrolytic bacteria (Russell and Dombrowski, 1980).  It is possible that the decreased pH 
in the horses fed LC, LW and HC was a factor in the observed decrease in number of 
cellulolytic bacteria in those treatments.  Changes to the balance between the lactic acid 
producing bacteria (amylolytic bacteria, lactobacilli, and GPC) and the lactic acid 
utilizing bacteria within the microbial community could account for the observed 
differences in fecal pH when the different starch sources were added to the diet.  In 
horses fed HO, the numbers of amylolytic bacteria were increased, but the numbers of 
lactate-utilizing bacteria also increased. This relationship could allow for less lactic acid 
accumulation in the environment and consequently the stability in fecal fluid pH that was 
observed.  However, in corn fed horses the numbers of lactate-utilizing bacteria 
decreased, which may have impaired the ability of the microbial ecosystem to maintain a 
stable pH with the increased numbers of amylolytic bacteria. Differences in fecal 
fermentation end-product profiles were not detected and fecal lactate concentrations were 
below the limit of the detection of the assay used. It could be conjectured that the decline 
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in fecal fluid pH in corn fed horses was associated with shifts in the microbial community 
that resulted in greater lactic acid production, lower lactic acid conversion to propionic 
acid, changes in absorption by the host, or a combination of these factors.  
 It is important to consider that the starch concentrations fed in the current study 
were intentionally respresentative of normal feeding practices and no horses displayed 
any outward symptoms of acidosis or related conditions over the course of the study.  
Potter et al. (1992) suggested that the upper limit of starch digestion in the equine small 
intestine was between 3.5 and 4 g starch/kg BW per feeding. However, others have 
suggested that to limit starch bypass to the large intestine, starch intake should not exceed 
2 g /kg BW per meal. In this study S2 samples from the LW and LC treatments revealed 
changes to the fecal bacterial community. Those samples were obtained in the morning 
following a meal that contained 1 g starch/kg BW, suggesting starch bypass to the large 
intestine occurs even at starch intakes below 2 g starch/kg BW per meal, at least when 
corn and wheat middlings were fed. The extent of starch digestion in the small intestine 
can be affected by processing (Potter et al. 1992) so the amount of starch that will result 
in bypass to the large intestine is likely to vary with both starch source and processing. In 
this study the wheat middlings were pelleted, the corn was coarsely cracked and oats had 
been cleaned, but not otherwise processed.  Grinding and pelleting the oats and the corn 
may have resulted in less bypass of starch and fewer effects on the microbial ecosystem. 
Conversely, more marked changes might have been noted if the addition of a high level 
of starch to the diet had been more abrupt. The current study employed a gradual 
introduction of starch to the horses’ feeding program as is commonly recommended 
(NRC, 2007). Thus the observed changes represent what can occur during the initial 
period when cereal grain starch is gradually introduced to horses consuming a forage-
based diet.  This study did not examine changes to the fecal bacteria that might occur 
after long-term adaptation of horses to a starch-containing diet. Additional research 
evaluating changes in response to long-term adaptation to different starch sources is 
warranted.  
Overall, this study revealed that starch source can affect the microbial ecology of 
the equine digestive tract as measured in freshly voided feces. The use of feces as a proxy 
for microbial changes in the equine large intestine has become common (Willing et al. 
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2009; Faubladier et al. 2013; Harlow et al. 2013; Dougal et al. 2014; Harlow et al. 
2015a; Harlow et al. 2015b). Feces collection is minimally invasive whereas the 
cannulation of horses or ponies in the cecum or colon is major surgery and the cannulae 
may not be tolerated well in the long term. De Fombelle and colleagues (2003), 
demonstrated that when horses were fed either a high starch or high fiber diet cellulolytic 
bacteria enumerations in feces were predictive of the enumerations found in the cecum 
and colon. In contrast, lactobacilli and GPC enumerations increased from the cecum to 
the feces. Similarly, lactate-utilizing bacteria enumerations were similar or greater in 
feces when compared to other hindgut compartments, but these differences were diet 
dependent (< 1 log differences). Based on these results, conclusions drawn from changes 
observed in feces should be viewed cautiously as they may not precisely reflect either the 
magnitude or the time-course of changes in the cecum or colon. However, it seems likely 
that if differences due to diet are observed in feces at the end of the digestive process, that 
those differences would have been present in the earlier sites of digestion as well.   
Conclusions 
 A number of previous studies have demonstrated that adding a high-starch 
concentrate to a predominantly forage diet can alter the equine gastrointestinal microbial 
community.  The current study also found that adding starch to the diet can alter the 
microbial community, but extended those findings by examining differences due to starch 
source (corn, oats or wheat middlings). At equal starch intakes, corn produced more 
marked changes in the fecal microbial ecosystem than oats. These results are consistent 
with studies suggesting that the starch in corn is more likely to reach the equine large 
intestine than the starch in oats. Alternatively, differences in composition and 
morphology of the starch granule could also affect amylolytic proliferation.  Furthermore, 
the predominant amylolytic bacterium in corn and wheat fed horses was E. faecalis, but a 
variety of predominant amylolytic bacteria were observed in horses fed hay and oats. 
Gaining a better understanding of factors affecting proliferation and succession of 
amylolytic bacteria in the hindgut (including starch source) could allow for greater 
insights into the pathogenesis of several detrimental health conditions (i.e., colic, 
laminitis) that can be triggered by carbohydrate overload, as well as aid in the 
development of effective treatment strategies. 
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Chapter 4: Effect of Starch Source (Corn, Oats, or Wheat) and Concentration on 
Fermentation by Equine Fecal Microbiota in vitro 
Introduction 
Cereal grains are high in non-structural carbohydrates like starch and simple 
sugars. Starch is enzymatically digested and absorbed in the equine foregut, but this 
capacity is limited and starch source dependent (Potter et al. 1992). When there is a high-
proportion of cereal grains in the diet, starch can reach the hindgut, increasing the activity 
and growth of amylolytic bacteria (e.g., Streptococcus spp. and Lactobacillus spp.), 
which produce lactic acid (Bailey et al. 2002).  Lactate-utilizing bacteria can then use 
lactic acid to produce propionate, which is absorbed by the horse to meet energy 
requirements. However, if lactic acid production exceeds utilization, lactic acid can 
accumulate in the environment, leading to a decrease in hindgut pH (hindgut acidosis) 
and further normal microbiota disturbance. Previous studies have demonstrated that by 
feeding high starch diets, as opposed to high fiber diets, horses are more likely to develop 
GI disease (e.g., colic and laminitis), and this relationship is primarily attributed to 
disruption of the resident hindgut microbial community (Clarke et al. 1990; Bailey et al. 
2004).  
 The type of cereal grain included in the diet can influence the magnitude of 
hindgut disturbance observed. These disturbances (e.g. acidic pH) are primarily attributed 
to individual cereal grains having varying degrees of starch susceptibility to enzymatic 
digestion. Multiple studies have demonstrated that oat starch is more available in the 
foregut than corn or barley starch (Potter et al. 1992; Meyer et al. 1995; de Fombelle et 
al. 2004).  These differences have been attributed to physical characteristics of the starch 
granule itself (surface area to volume ratio), composition of the starch granule, other non-
starch components (proteins and hydrophobic lipids), and the presence of -amylase 
inhibitors (Kong et al. 2003; Svihus et al. 2005; Tester and Karkalas 2006).   
The relationship between availability of starches from different botanical sources 
to enzymatic digestion and differential hindgut environmental disturbance is documented. 
Radicke and colleagues (1991) demonstrated that cecal pH was higher when horses were 
fed oats than when they were fed corn. A similar observation was made when oat-based 
and sorghum based-diets were compared (Al Jassim 2005). Furthermore, a recent in vivo 
 73 
 
experiment in our laboratory demonstrated that at equal starch intakes, corn produces 
more marked changes in the fecal microbial community than oats, with wheat middlings 
producing intermediate effects. These results are consistent with studies suggesting that 
starch from corn is more likely to reach the hindgut than starch from oats (Potter et al. 
1992; Meyer et al. 1995; de Fombelle et al. 2004). Alternatively, the differences 
observed could be attributed to direct effect of the starch source on the amylolytic 
bacteria independent of the starch concentration available for fermentation. For example, 
differences in composition and morphology of the starch granule could directly affect 
amylolytic bacteria proliferation in the hindgut (Tester and Karkalas 2002; Tester et al. 
2004). No study to our knowledge has been conducted to directly evaluate the effect of 
starch source on the microbial community and consequent fermentative capacity. For this 
reason, the current study was conducted to evaluate the effect of starch source (corn, oats, 
and wheat) and concentration on the enumeration of total amylolytic bacteria (including 
lactobacilli, streptococci, and enterococci) and total lactate-utilizing bacteria, and the 
fermentative capacity (pH, fermentation end-products, and gas production) of equine 
fecal cell suspensions in vitro.  
Materials and Methods 
Media composition 
The cell suspension medium was lightly buffered to permit a decrease in pH due 
to acid production, and contained (per liter): 240 mg KH2PO4, 240 mg K2HPO4, 480 mg 
(NH4)2SO4, 480 mg NaCl, 64 mg CaCl2 × 2H2O, 100 mg MgSO4 × 7H2O, 600 mg 
cysteine hydrochloride; initial pH 6.7; autoclaved to remove O2 and cooled under N2 
(Appendix OO).   
 In some cases, a carbonate-buffered cell suspension medium was used.  It was 
prepared as described above, except that the medium was cooled under O2 –free CO2, and 
4000 mg Na2CO3 was added after cooling. 
The growth medium was based on Mantovani and Russell (2001). This medium 
was heavily buffered to maximize growth, and contained (per liter): 240 mg KH2PO4, 
240 mg K2HPO4, 480 mg (NH4)2SO4, 480 mg NaCl, 64 mg CaCl2 × 2H2O, 100 mg 
MgSO4 × 7H2O, 600 mg cysteine hydrochloride, 1,000 mg Trypticase, 500 mg yeast 
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extract; initial pH 6.7; autoclaved to remove O2 and cooled under O2 –free CO2.  The 
buffer (4,000 mg Na2CO3) was added before dispensing and autoclaving for sterility. 
The growth medium with soluble starch as a substrate (10,000 mg L-1) was used 
for enumeration of total amylolytic bacteria (Appendix F).  Solid growth medium was 
also made for bacterial isolation by preparing with agar (15,000 mg L -1) in Petri plates. 
Bile esculin azide agar (Appendix G; Enterococcosel™; Becton, Dickinson and 
Co. (BD), Franklin Lake, NJ, USA) and Rogosa SL agar (Appendix H; BD) were used 
for aerobic enumeration of Group D Gram-positive cocci (GPC; enterococci and 
streptococci) and lactobacilli, respectively. Both media types were prepared in Petri 
plates according to the manufacturer’s directions.   
Lactate-utilizing bacteria were enumerated on L-U agar, previously described by 
Mackie and Heath (1979; Appendix I). L-U agar contained (per liter): 352 mg KH2PO4, 
352 mg K2HPO4, 704 mg (NH4)2SO4, 704 mg NaCl, 94 mg CaCl2 × 2H2O, 147 mg 
MgSO4 × 7H2O, 20,000 mg trypticase, 200 mg yeast extract, 100 mg cysteine 
hydrochloride, 15,000 mg agar, 220 mmol L-1 lactic acid, 7.67 µmol L-1 hemin, 10 mL 
trace elements solution, 10 mL vitamins solution, and 10 mL VFA solution; initial pH 
6.8; autoclaved to remove O2 and cooled under O2 –free CO2.  The buffer (4,000 mg 
Na2CO3) was added before Petri plates were prepared in an anaerobic chamber (Coy; 
Grass Lakes, MI; 95% CO2, 5% H2). 
Animals and fecal collection  
The University of Kentucky Animal Care and Use Committee approved all 
husbandry and procedures. Geldings (n = 6; 2 - 6 y) were selected from the University of 
Kentucky, Department of Animal and Food Sciences herd at Maine Chance Farm, 
Lexington KY (Appendix PP). The horses selected met the following criteria: no known 
history of gastrointestinal disease, and no antibiotic or anti-inflammatory chemotherapy 
for at least 4 months prior to their placement on the study. Horses were maintained on 
cool season grass pastures with a daily allotment of a commercially available concentrate.   
When feces were needed for an in vitro experiment, horses were observed in their 
pasture for defecation. Feces were collected immediately post- defecation and placed in a 
plastic bag. The bag was purged of oxygen with CO2 and then transported in a pre-
warmed container (37 °C) to the laboratory for processing.  Replicate experiments were 
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performed on feces collected from individual horses on different days. That is, 
experiments were performed using fecal cell suspensions made from an individual horse, 
and the experiments were repeated with multiple horses. 
Fecal cell suspensions 
After arrival at the laboratory, fecal cell suspensions were prepared as previously 
described (Harlow et al. 2014; Appendix QQ).  Briefly, fecal material (450 g) was placed 
in a blender, continuously sparged with N2, and mixed (3 min) with 750 mL of cell-
suspension medium. The fecal-medium mixture was then squeezed through cheesecloth 
to remove large plant fibers, and subjected to low-speed centrifugation (341.6 g, 5 min) 
to remove the remaining plant particles and protists.  The supernatants were then 
subjected to high-speed centrifugation (25654.3 g, 5 min) to collect prokaryotes. The 
supernatants were discarded and the pellets were washed by re-suspension in anaerobic 
cell-suspension medium. Cells were harvested by an additional high-speed centrifugation 
(25654.3 g, 10 min). The supernatants were discarded, and the pellets were re-suspended 
and pooled into a N2-sparged glass vessel (2 L).  The optical density of the cell 
suspension at 600 nm (OD600) was adjusted to be approximately 15. Microscopic analysis 
revealed prokaryote-sized cells with no obvious plant fiber or protists.  
Experimental treatments, incubation and sampling 
The starch sources included ground (2 mm screen) corn, oats, and wheat (Table 
4.1; Appendix RR). An initial experiment was conducted to determine the effect of starch 
source and concentration on pH in the suspension medium.  Each starch source (0 to 
2.0% w/v, in 0.1% increments, grain weights being normalized by starch concentration) 
was added to a fecal cell suspension that were then aliquoted into anaerobic serum 
bottles.  The bottles were incubated in a shaking water bath (37 °C, 160 rpm) for 24 h.   
 Samples were collected via tuberculin syringes for pH and volatile fatty acid 
analysis. The pH was measured immediately with a pH meter. Supernatants for product 
analysis were clarified by centrifugation (21,000 g, 2 min), and frozen (-20 °C) until 
analyzed, as described below. All treatments were performed in duplicate on suspensions 
made from the feces of each horse (n = 3 horses). 
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Table 4.1. Chemical composition: corn, oats, and wheat (As Fed). 
 Corn Oats Wheat 
% DM 88.30 89.00 89.60 
DE 3.41 3.01 3.30 
% CP 9.60 11.00 13.60 
% ADF 2.80 11.30 3.50 
% NDF 7.60 20.10 10.00 
% Starch 54.60 43.00 52.50 
% WSC 2.70 1.20 3.70 
% ESC 7.10 4.00 2.40 
% Ca 0.05 0.08 0.04 
% P 0.29 0.36 0.35 
DM: dry matter, DE: dietary energy (Mcal kg-1), CP: crude protein, ADF: acid detergent 
fiber, NDF: neutral detergent fiber, WSC: water soluble carbohydrates, ESC: ethanol 
soluble carbohydrates, Ca: calcium, P: phosphorus. 
aDairy one laboratories; Ithaca, NY. 
Appendix RR 
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The concentration eliciting the largest difference in pH between corn and oat 
incubations (0.8% w/v starch) was then selected and used to determine the effects of 
starch source on the enumeration of lactobacilli, GPC, amylolytic bacteria, and lactate-
utilizing bacteria. The suspension medium used in the remainder of the experiments was 
carbonate-buffered cell suspension medium (as described above) to be more 
representative of the natural equine hindgut environment. Cell suspensions were 
dispensed into anaerobic serum bottles containing ground (2 mm screen) corn, oats and 
wheat as indicated. The suspensions were incubated as described above for 24 h.  
Samples were collected via tuberculin syringes at 0, 2, 4, 6, 8, 12 and 24 hrs of incubation 
for pH, product analysis, and bacterial enumeration. The pH was measured immediately 
with a pH meter. Supernatants for product analysis were clarified by centrifugation 
(21,000 g, 2 min), and frozen (-20 °C) until analyzed, as described below. Samples for 
enumerations (1 mL) were subjected to 10-fold dilution in anaerobic PBS (Appendix E), 
which was then used to inoculate the selective media. Solid media were inoculated with 
0.2 mL via a sterile spreader. Liquid media were inoculated with 1 mL via tuberculin 
syringe. All treatments were performed in duplicate on suspensions made from the feces 
of each horse (n = 3 horses). 
Bacterial enumerations 
GPC were enumerated on bile aesculin azide agar (BD). Lactobacilli were 
enumerated on Rogosa SL agar (BD). The plates were incubated aerobically (37 °C, 3 d). 
Plates with 30 < x < 300 colonies were counted. All colonies on Rogosa agar were 
counted as lactobacilli. Black colonies on bile aesculin azide agar were counted as GPC.  
Total lactate-utilizing bacteria were enumerated on L-U agar.  The plates were 
incubated (37 °C, 5 d) in an anaerobic chamber (Coy; Grass Lakes, MI, USA; 95% CO2, 
5% H2). Plates with 30 < x < 300 colonies were counted. All colonies on L-U agar were 
counted as lactate-utilizing bacteria.  
Total amylolytic bacteria were enumerated in anaerobic liquid medium with 
soluble starch. The tubes were incubated (37 °C, 3 d), and the final dilution exhibiting 
bacterial growth (visual examination) was recorded as the viable number.  
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Isolation and characterization of predominant amylolytic bacteria 
Samples from the highest dilutions of total amylolytic bacteria at 24 h were used 
for isolation.  Samples (200 µL) from the highest dilutions were then used to streak solid 
growth medium for isolation of bacteria.  Colonies were picked and routinely passaged in 
liquid growth medium (37 °C, 24 to 48 h). These cultures were characterized by light 
microscopy and Gram stain.  The phylogenetic identities were determined by 16S RNA 
gene sequencing. DNA was extracted using lysozyme and achromopeptidase, precipitated 
with ethanol (Appendix M), and amplified by PCR (Appendix N & O). The PCR reaction 
tubes included PuReTaq Ready-to-Go PCR beads (GE Healthcare, Buckinghamshire, 
United Kingdom) and 10 pmol of universal 16S primers (Integrated DNA Technologies, 
Coralville, IA, USA; 5’-AGAGTTTGATCCTGGCTCAG, 3’ –
ACGGCTACCTTGTTACGACTT). The PCR cycles used included a denaturing step (94 
°C; 5 min), 35 cycles (94 °C, 0.5 min; 55 °C, 1 min; 72 °C, 1 min), and an extension step 
(72 °C; 5 min).  The products were sequenced by the University of Kentucky, Advanced 
Genetic Technologies Center (Lexington, KY, USA) with an ABI 3730 DNA Analyzer 
(Applied Biosystems, Norwalk, CT, USA). Resulting sequences were analyzed and 
aligned using Geneious™ v. 5.1(Drummond et al. 2006).  The closest phylogenetic 
relatives were determined using a BLAST search of GenBank (Benson et al. 2013).    
Product analysis by high-performance liquid chromatography (HPLC) 
Supernatant samples were thawed and clarified in a micro-centrifuge (21,000 g, 2 
min).  Fermentation end-products were quantified using a Summit HPLC (Dionex; 
Sunnyvale, CA, USA) equipped with both an anion exchange column (Aminex HP-87H; 
Bio-Rad, Hercules, CA, USA) and UV detector.  The eluents were separated isocratically 
with sulfuric acid (5 mM, aqueous solution).  The parameters included: injection volume 
0.1 mL, flow rate 0.4 mL min-1, and column temperature 50 °C.   
In vitro gas production 
Three concentrations (0.1%, 0.8%, 1.7% w/v starch) of corn, oats, and wheat from 
the initial experiment were selected to determine the effects of starch source on in vitro 
gas production (Appendix P; ANKOM Technology). The ANKOM Gas Production 
System uses high sensitivity pressure monitoring with wireless communication from the 
gas production modules to computer software. Cell suspensions (135 mL per vessel) were 
 79 
 
dispensed into gas production vessels containing ground (2 mm screen) corn, oats and 
wheat as indicated. The vessels were then mixed and fitted with modules connected to the 
gas production system for sample analysis. All treatments were performed in triplicate on 
suspensions made from the feces of each horse (n = 4 horses). Two control vessels 
containing no substrate were included in each gas production run. Gas production was 
measured for 24 h. Cumulative gas production for the 3 vessels containing substrate was 
calculated by subtracting the mean value of the 2 control vessels from the value of each 
sample vessel. Gas production rates were determined using linear regression from 8 – 18 
h of the 24 h incubation period (exponential phase).   
Statistical Analyses 
Prior to statistical analyses, bacterial enumerations were normalized by log 
transformation. Bacterial enumerations were analyzed using a repeated measures design 
in the PROC MIXED procedure of SAS (version 9.3, SAS Inst. Inc., Cary, NY).  The 
model included treatment, time and the interaction between these variables (treatment by 
time). Horse was included as a random effect. Data (fermentation end-products, rate of 
gas production, 12 h and 24 h cumulative gas production) were analyzed using the PROC 
ANOVA procedure of SAS. All means were separated using Fisher’s protected LSD test 
with statistical significance set at P < 0.05.  Correlation analysis of bacterial 
enumerations was performed using simple linear regression.  
Results 
When ground corn, oats, or wheat were fermented by equine fecal 
microorganisms, the suspension pH declined (Figure 4.1; Appendix SS). The average 
starting pH values of the suspensions were 6.8, and the extent of pH decline over the 24 h 
incubation was dependent on both starch source and concentration.  The lowest starch 
concentration (0.1% w/v starch) resulted in average pH values of 5.6, 5.8, and 5.7 for 
corn, oats and wheat incubations, respectively. The greatest difference in pH between 
corn and oat incubations was observed at 0.8% starch (0.705 pH units) and the lowest 
concentration eliciting maximal pH effects for all starch sources after 24 h was 1.7% 
starch (3.6, 4.0, and 4.2 for corn, oat and wheat incubations, respectively).   
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Figure 4.1. The relationship between pH and starch source concentration (corn, oats, and 
wheat) after 24 h fermentation by suspensions of uncultivated, washed equine fecal 
microorganisms (Appendix SS). The suspensions had initial pH values of 6.8 (dashed 
line). Starch sources included finely ground (2 mm screen) corn (circles), oats (squares), 
and wheat (triangles) at starch concentrations ranging from 0 to 2 % w/v, in 0.1% 
increments.  
 
3
3.5
4
4.5
5
5.5
6
6.5
7
0 0.5 1 1.5 2
p
H
Starch Concentration (% w/v)
 81 
 
When the starch sources were added at 0.8% and 1.7%, corn incubations 
accumulated more lactate than oat incubations, and wheat was intermediate or similar to 
oats (P = 0.0234 and P = 0.0273 for 0.8% and 1.7% starch respectively; Table 4.2; 
Appendix TT).  Furthermore, at the same concentrations, corn incubations accumulated 
less acetate than wheat incubations, with oats being intermediate or similar to corn (P = 
0.0447 and P = 0.0030, for 0.8% and 1.7% starch respectively). No differences in lactate 
and acetate concentrations were observed at 0.1% starch concentration. Based on these 
results, subsequent enumeration experiments were performed with 0.8% starch.  
The effect of starch source on the proliferation of amylolytic bacteria (including 
lactobacilli and GPC) and lactate-utilizing bacteria was evaluated over a 24 h period. In 
the initial fecal cell suspensions, 106 amylolytic bacteria were observed (Figure 4.2; 
Appendix UU). There was a treatment by time interaction for amylolytic enumerations (P 
= 0.0004). In all incubations, total amylolytic bacteria increased over time. After only 2 h 
of incubation, there were 100-fold more amylolytic bacteria in the corn and wheat 
fermentations (P < 0.05). Amylolytic bacteria continued to increase in corn and wheat 
fermentations until 12 h and 6 h, respectively (P < 0.05), and then remained constant 
through the remainder of the 24 h incubation period (P > 0.05). In contrast, amylolytics 
did not increase in oat incubations until 4 h when there were100-fold more amylolytic 
bacteria (P < 0.05). However, viable numbers then remained constant for the remainder 
of the incubation period (P > 0.05). At 24 h there were 100- and 1,000-fold more 
amylolytics in wheat and corn incubations than in oats, respectively (P < 0.05).  
In initial fecal cell suspensions, 6.3 × 104 to 8 × 104 lactobacilli were observed 
(Figure 4.3; Appendix VV). There was a treatment by time interaction for lactobacilli 
enumerations (P < 0.0001). The proliferation of lactobacilli occurred earlier in corn and 
wheat (2 h) incubations than in oat incubations (24 h). However, lactobacilli growing on 
corn and wheat decreased >100-fold and 4-fold in stationary phase, respectively (P < 
0.05).  After 24 h of incubation, there were 10 and >100-fold more lactobacilli in oat 
incubations than in wheat and corn incubations, respectively (P < 0.05). 
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Table 4.2. Effect of starch source (corn, oat, wheat) and concentration after 24 h of 
fermentation on lactate and acetate production by equine fecal cell suspensions (true 
means; n = 3; Appendix TT). 
Starch Source Starch (% w/v) 
Lactate 
(mmol L-1) 
Significance 
Acetate 
(mmol L-1) 
Significance 
Corn 0.1% 0 
P = 0.6944 
1.70 
P = 0.2200 Oats 0.1% Trace 2.00 
Wheat 0.1% Trace 2.46 
Corn 0.8% 3.10a 
P = 0.0234 
Tracea 
P = 0.0447 Oats 0.8% 1.90b 1.37ab 
Wheat 0.8% 2.00b 2.10b 
Corn 1.7% 5.93a 
P = 0.0273 
Tracea 
P = 0.0030 Oats 1.7% 3.13b 1.13a 
Wheat 1.7% 4.43ab 2.20b 
Statistically different concentrations between treatments are shown in bold. 
Values with different markers (a,b,c) are statistically different (P < 0.05). 
Quantities <1.0 mmol L-1 were considered below the limit of quantitation (trace) and 
included as 1 mmol L-1 in the statistical analysis. 
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Figure 4.2. The effect of starch source (corn, oats, or wheat) on the viable number of 
total amylolytic bacteria in equine fecal cell suspensions (Appendix UU). Starch sources 
included finely ground (2 mm screen) corn (black bars), oats (hatched bars), and wheat 
(grey bars) at 0.8% w/v starch concentration. The enumerations were performed in 
anaerobic liquid media with soluble starch as the growth substrate. The tubes were 
incubated (37 °C, 3 d), and the final dilution exhibiting bacterial growth (visual 
examination) was recorded as the viable number. Samples were taken at 0, 2, 4, 6, 8, 12 
and 24 h of incubation. Means lacking a common English letter are different within time 
point (P < 0.05). Means lacking a common Greek letter are different over time within a 
treatment (P < 0.05); Treatment: P = 0.0127, time: P < 0.0001, and treatment × time: P = 
0.0004; Pooled SEM: treatment = 0.3286, time = 0.2562, and treatment × time = 0.4473 
(log10 transformed). 
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 Figure 4.3. The effect of starch source (corn, oats, or wheat) on the viable number of 
lactobacilli in equine fecal cell suspensions (Appendix VV). Starch sources included 
finely ground (2 mm screen) corn (black bars), oats (hatched bars), and wheat (grey bars) 
at 0.8% w/v starch concentration. The enumerations were performed on Rogosa SL agar 
(BD). The plates were incubated aerobically (37 °C, 3 d). Plates with 30 < x < 300 
colonies were counted. All colonies on Rogosa SL agar were counted as lactobacilli. 
Samples were taken at 0, 2, 4, 6, 8, 12 and 24 h of incubation. Means lacking a common 
English letter are different within time point (P < 0.05). Means lacking a common Greek 
letter are different over time within a treatment (P < 0.05); Treatment: P < 0.0001, time: 
P < 0.0001, and treatment × time: P < 0.0001; Pooled SEM: treatment = 0.02343, time = 
0.02015, and treatment × time = 0.04323 (log10 transformed). 
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In initial fecal cell suspensions, 2.2 × 104 to 3.2 × 104 GPC were observed 
(Figure 4.4; Appendix WW). There was a treatment by time interaction for GPC 
enumerations (P < 0.0001). In all incubations GPC increased 100-fold over time during 
the exponential growth phase, but decreased during stationary phase in oats only (P < 
0.05). At 24 h, fermentations with corn had more GPC than those with oats or wheat (P < 
0.05). Furthermore, there were negative correlations between the viable number of 
lactobacilli and total amylolytic bacteria (r = -0.943) and between lactobacilli and GPC (r 
= -0.991). 
At 24 h of incubation lactobacilli and GPC viable numbers did not account for the 
increase in total amylolytic bacteria that occurred with corn and wheat fermentation. 
Predominant amylolytic bacterial isolates were therefore obtained by streaking the 
highest enrichments on solid growth medium containing soluble starch substrate and 
incubating at 37 °C for 24 h in a CO2 atmosphere.  All nine isolates were Gram-positive 
cocci that occurred in chains.  Sequence (16S) analysis revealed that the isolates from the 
corn and wheat fermentations grouped phylogenetically with Enterococcus faecalis (≥ 
98% identity; Table 4.3; Appendix XX).  However, isolates from oat fermentations 
grouped with the Streptococcus bovis-equinus complex (≥ 98% identity). All isolates 
were able to utilize inulin as a sole carbon source. E. faecalis isolates were able to utilize 
aesculin as a sole carbon source, but did not exhibit growth on bile aesculin azide agar. 
All isolates were non-haemolytic on horse blood agar. 
In initial fecal cell suspensions, 6.15 × 106 to 7 × 106 total lactate-utilizing 
bacteria were observed (Figure 4.5; Appendix YY). Microscopic examination of colonies 
from the highest dilution plates revealed large Gram-negative, cocci. There was a 
treatment by time interaction for total lactate-utilizing bacteria enumerations (P < 
0.0001).  After only 2 h of incubation, there were 10-fold more lactate-utilizing bacteria 
in oat and wheat fermentations (P < 0.05). In contrast, corn incubations had 5-fold fewer 
lactate-utilizing bacteria after 2 h of incubation (P < 0.05). After 4 h of incubation, 
regardless of substrate, there were 50-100-fold fewer lactate-utilizing bacteria than 
observed at 2 h, and corn and wheat incubations continued to decrease for the remainder 
of the incubation period (P < 0.05) In contrast, lactate-utilizing bacteria in oat incubations  
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Figure 4.4.  The effect of starch source (corn, oats, or wheat) on the viable number of 
Group D Gram-positive cocci (GPC) in equine fecal cell suspensions (Appendix WW). 
Starch sources included finely ground (2 mm screen) corn (black bars), oats (hatched 
bars), and wheat (grey bars) at 0.8% w/v starch concentration. GPC were enumerated on 
bile aesculin azide agar (BD). The plates were incubated aerobically (37 °C, 3 d). Plates 
with 30 < x < 300 colonies were counted. Black colonies on bile aesculin azide agar were 
counted as GPC. Samples were taken at 0, 2, 4, 6, 8, 12 and 24 h of incubation. Means 
lacking a common English letter are different within time point (P < 0.05). Means lacking 
a common Greek letter are different over time within a treatment (P < 0.05); Treatment: 
P < 0.0001, time: P < 0.0001, and treatment × time: P < 0.0001; Pooled SEM: treatment 
= 0.04473, time = 0.02969, and treatment × time = 0.04249 (log10 transformed). 
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Table 4.3. Closest phylogenetic relative of the equine fecal cell suspension amylolytic 
bacteria isolates (> 97% 16S gene sequence identity)1 
Replicate Corn Oats Wheat 
1 Enterococcus faecalis Streptococcus bovis Enterococcus faecalis 
2 Enterococcus faecalis Streptococcus bovis Enterococcus faecalis 
3 Enterococcus faecalis Streptococcus bovis Enterococcus faecalis 
1Appendix XX 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 88 
 
Figure 4.5.  The effect of starch source (corn, oats, or wheat) on the viable number of 
total lactate-utilizing bacteria in equine fecal cell suspensions (Appendix YY). Starch 
sources included finely ground (2 mm screen) corn (black bars), oats (hatched bars), and 
wheat (grey bars) at 0.8% w/v starch concentration. Total lactate-utilizing bacteria were 
enumerated on L-U agar. The plates were incubated anaerobically (37 °C, 5 d). Plates 
with 30 < x < 300 colonies were counted. All colonies on L-U agar were counted as 
lactate-utilizing bacteria. Samples were taken at 0, 2, 4, 6, 8, 12 and 24 h of incubation. 
Means lacking a common English letter are different within time point (P < 0.05). Means 
lacking a common Greek letter are different over time within a treatment (P < 0.05); 
Treatment: P < 0.0001, time: P < 0.0001, and treatment × time: P < 0.0001; Pooled SEM: 
treatment = 0.01018, time = 0.007081, and treatment × time = 0.01866 (log10 
transformed). 
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increased (P < 0.05). By 24 h, the oat incubations had 1,000 and 100-fold more lactate-
utilizing bacteria than the corn and wheat incubations, respectively (P < 0.05). 
In vitro gas production was utilized to assess the effect of starch source (corn, 
oats, or wheat) at 0.1%, 0.8% and 1.7% concentrations, on fermentation by equine fecal 
cell suspensions as an indicator of hindgut microbial activity (Table 4.4; Appendix ZZ). 
At 12 h of incubation there was an effect of starch source on cumulative gas production at 
0.1% and 1.7% starch concentrations (P = 0.0684 and P = 0.0020, respectively). 
Furthermore, at all concentrations there was an effect of starch source on 24 h cumulative 
gas production (P = 0.0002, P = 0.0014, and P = 0.0010 for 0.1%, 0.8% and 1.7%, 
respectively).  In all cases, oat incubations had higher cumulative gas production than 
corn, with wheat being similar to oats or intermediate (P < 0.05). Furthermore, the rate of 
gas production during the exponential growth phase (8-18 h) was higher in oat 
incubations than in corn incubations, with wheat incubations again being intermediate 
regardless of concentration (P = 0.0099, P = 0.0011, and P = 0.0003, for 0.1%, 0.8% and 
1.7%, respectively).   
Discussion 
Cereal grains are often included in equine diets to increase energy. However, a 
high proportion of grain in the diet can allow starch to reach the hindgut and affect the 
existing microbial ecology. The results from the current study demonstrate a relationship 
between starch source and microbial changes in equine fecal cell suspensions.  Corn 
fermentation elicited the greatest lactic acid accumulation and consequent pH decline. 
Corn promoted the growth of amylolytic bacteria (predominantly E. faecalis) and GPC 
while decreasing lactobacilli and lactate-utilizing bacteria. Similar results were also 
observed when wheat was provided, except that lactobacilli increased in these 
fermentations. In contrast, oat fermentations had the lowest lactic acid concentrations and 
highest pH, and favored the proliferation of lactobacilli and lactate-utilizing bacteria.  
  
 
Table 4.4. Effect of starch source (corn, oats, wheat) and concentration on in vitro gas production by equine fecal cell suspensions 
(true means; n = 3; Appendix ZZ). 
 
 0.1% 
Corn 
0.1% 
Oats 
0.1% 
Wheat 
Sig. 
0.8% 
Corn 
0.8% 
Oats 
0.8% 
Wheat 
Sig. 
1.7% 
Corn 
1.7% 
Oats 
1.7% 
Wheat 
Sig. 
12 h Total GP  
(psi) 
1.27a 2.34b 1.36ab 0.0684 7.32 8.87 7.19 0.4523 9.25b 13.45a 13.62a 0.0020 
24 h Total GP  
(psi) 
2.41a 5.35c 3.52b 0.0002 15.30a 28.91c 22.44b 0.0014 21.38c 36.88a 29.54b 0.0010 
Rate of GP 
(psi h-1) 
0.14b 0.28a 0.19b 0.0099 0.95c 1.78a 1.30b 0.0011 1.17c 2.40a 1.87b 0.0003 
Values with different markers (a,b,c) within a row are statistically different (P < 0.05). 
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These results are consistent with the previous in vivo study (Chapter 3) in which 
horses were fed equal starch intakes of corn, oats or wheat middlings in addition to a 
predominantly forage diet. The results from the previous study were primarily attributed 
to differences in foregut digestibility of these high-starch grains. However, the in vitro 
model utilized in the current study did not include small intestinal enzymatic digestion. 
Therefore, differences observed in the hindgut environment when different starch sources 
are fed could be partially explained by direct effects on the microorganisms. Another 
advantage of the fecal cell suspension is that initial product concentrations are lower than 
in feces.  The procedure removes some fiber-associated bacteria, and the cells are briefly 
exposed to atmospheric O2.  However, similar procedures have been used to prepare 
rumen bacteria, and the viability and metabolic activity of strict anaerobes can be 
maintained (Van Kessel and Russell 1997, Flythe 2009). 
Oat fermentations had a higher maximum rate of gas production and cumulative 
gas production than corn fermentations, with wheat being intermediate. These results 
suggest that oat substrate is more available for fermentation than corn and wheat 
substrates. Greater availability for fermentation could be attributed to differences in the 
physical structure and composition of starch granules between substrates. Sujka and 
Jamroz (2007) demonstrated that oat starch has twice the surface area of both wheat and 
corn starches. A larger surface area would allow for greater microbial enzyme activity 
and consequently higher fermentative capacity (Bowman and Firkins 1993).  
Note that cereal grains were added to achieve equal starch concentrations.  Each 
of the grains contained different amounts of starch and other components.  Therefore, the 
additions differed in the amount of other fermentable nutrients available for fermentation. 
The oats were lower in starch, but higher in NDF (neutral detergent fiber; cellulose + 
hemicellulose + lignin) and ADF (acid detergent fiber; cellulose + lignin) than corn. 
Therefore, at the 0.8% starch concentration oat incubations had 5× more ADF and 3× 
more hemicellulose available for fermentation than corn incubations, while all 
incubations contained approximately 1.1g starch. A higher pH coupled with increased 
fiber in oat fermentations could allow for greater fibrolytic activity and consequently 
higher maximum rates of gas production and cumulative gas production.  
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In corn and wheat fermentations the predominant amylolytic bacterium was E. 
faecalis while in oat fermentations it was S. bovis. These results are consistent with the 
aforementioned in vivo study (Chapter 3). Previous research implicated S. bovis-equinus 
as the causative agent of carbohydrate-overload related health conditions because it has 
the ability to produce amines, proteinases, and is numerous in carbohydrate excess 
conditions (Bailey et al. 2003; Milinovich et al. 2006). Similarly, E. faecalis has the 
ability to produce amines and proteinases and therefore could also play an important role 
in the development of these health conditions (Moreno et al. 2006).   
The resident microbial community including lactobacilli, can play a role in 
colonization resistance (Vollaard and Clasener 1994).  The theory of competition states 
that multiple competitors cannot coexist in a climax community (Krebs 1999). According 
to this theory, when two bacteria utilize the same nutrient (in this case starch), the more 
fit competitor will drive the less fit competitor to extinction within the habitat. In the 
current study, negative correlations between the viable number of lactobacilli and total 
amylolytic bacteria (r = -0.943) and between lactobacilli and GPC (r = -0.991) were 
identified, indicating a potential competitive relationship between these bacteria. These 
competitive relationships were also observed in the previously reported in vivo study 
(Chapter 3).  
Several factors including pH, substrate preferences, substrate affinity, and 
maintenance energy requirements could contribute to this competition (Russell and 
Baldwin 1979). In the hindgut environment, where the concentration of soluble substrate 
is often low, differences in substrate affinity could play an important role in bacterial 
competition. For example, lactobacilli could have a superior substrate affinity for oat 
starch over GPC, which would elicit the increase in lactobacilli and decrease in GPC 
observed. Few studies have been conducted to compare the substrate affinities of 
amylolytic bacteria (Russell and Baldwin 1979; Russell et al. 1980; Russell et al. 1981; 
Russell and Robinson 1984), and no study has been conducted to look at the role of 
starch species on substrate affinity. Future research evaluating the role of substrate 
affinity in amylolytic bacterial competition is necessary. However, this hypothesis is not 
the only plausible explanation. Many saccharolytic bacteria are known to produce 
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bacteriocins and other inhibitory compounds (Klaenhammer 1988). For example, 
Lactobacillus reuteri, which is highly abundant in the equine hindgut, has been shown to 
produce antimicrobial peptides with antagonistic activity against S. bovis and E. faecalis, 
the predominant amylolytic bacteria identified in the current study (Wells et al. 1997; 
Cleusix et al. 2007).  Similarly, E. faecalis and S. bovis produce a wide range of 
antimicrobial peptides with antagonistic activity against several Gram-positive bacteria 
including Lactobacillus spp., as well as each other (Iverson and Millis 1976; Xiao et al. 
2004; Moreno et al. 2006).    
 It is also possible that a non-starch component of the oat grain itself could have 
antimicrobial properties. Oat -glucan is a soluble fiber and is extremely viscous (Behall 
et al. 2006). It is possible that by increasing viscosity in the environment, -glucans 
could have direct antimicrobial effects by trapping microorganisms and limiting their 
activity, functioning similar to mucin in the large intestine (McGuckin et al. 2011). 
Although, research on -glucan fermentation is limited in horses, in humans they are 
thought to be completely fermented in the colon by bacteria in the genus Bacteroides, 
producing important fermentation end-products for host utilization and promoting 
microbiota stability and pathogen defense (Crittenden et al. 2002). Although, Crittenden 
and colleagues (2002) demonstrated that lactobacilli were unable to directly ferment -
glucans, evidence in rats suggests that -glucans can have a prebiotic effect, promoting 
lactobacilli proliferation (Snart et al. 2005). This prebiotic effect was attributed to the 
lactobacilli utilizing -glucans hydrolysates (by-products of fermentation by other 
resident microbiota) as a carbon and energy source and could contribute to the 
proliferation of lactobacilli observed in oat fermentations in the current study.  
It is important to acknowledge that the aforementioned experiments were 
performed in vitro with a fecal cell suspension model. The use of feces as a model for 
microbial changes in the equine hindgut has become common (Willing et al. 2009; 
Faubladier et al. 2013; Harlow et al. 2013; Dougal et al. 2014; Harlow et al. 2015a; 
Harlow et al. 2015b). Previous research has identified small differences (< 1 log) in 
bacterial enumerations (cellulolytic bacteria, lactobacilli, GPC, lactate-utilizing bacteria) 
when comparing fecal material and colonic contents (De Fombelle et al. 2003).  
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Although, rumen cell suspensions prepared by differential centrifugation are routinely 
used and accepted as a model of the rumen microflora (Bladen and Doetsch 1959; Van 
Nevel and Demeyer 1981; Chen and Russell 1989; Callaway and Russell 2000; Xavier 
and Russell 2009) it is unclear how further processing of feces impacts the microbial 
community. Therefore, conclusions drawn from changes observed in fecal cell 
suspensions should be viewed cautiously.   
Conclusions 
 The results from the current in vitro study demonstrate a relationship between 
starch source and microbial changes in equine fecal cell suspensions. Furthermore, the 
observations made in the current study were consistent with those made in the previous in 
vivo study (Chapter 3). However, the in vitro fecal cell suspension model employed did 
not account for host enzymatic digestion.  Therefore, differences observed in the hindgut 
environment when different starch sources are fed could be partially explained by direct 
effects on the microorganisms. Future research is needed to evaluate possible factors 
affecting amylolytic bacteria succession and competition in the equine hindgut. Gaining a 
better understanding of this topic could allow for a greater understanding of the 
pathogenesis of starch-overload related health conditions in horses and allow for the 
development of targeted treatment strategies.  
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Chapter 5: Factors Affecting Competition Between Equine Amylolytic Bacteria In 
vitro 
Introduction 
 Cereal grains are often included in equine diets. A high proportion of grain in the 
diet can allow starch to reach the hindgut where amylolytic bacteria compete for the 
substrate, produce lactic acid and decrease pH (Bailey et al. 2002). The ecological theory 
of niche predicts that competition for a resource will negatively impact one or more of 
the competing organisms (Krebs 1999). According to this theory, when two bacteria 
utilize the same nutrient (in this case starch), the more fit competitor will drive the less fit 
competitor to extinction within the habitat. Previous research in our laboratory utilizing 
both an in vivo and in vitro model of grain fermentation identified a strong negative 
correlation between the viable number of lactobacilli and Group D Gram-positive cocci 
(e.g. Enterococcus spp., S. bovis) and the viable number of lactobacilli and total 
amylolytic bacteria, indicating a potential competitive relationship between these bacteria 
in the equine hindgut (Chapter 3 and Chapter 4). Additionally, the aforementioned studies 
identified Enterococcus faecalis as the predominant amylolytic in corn and wheat 
fermentations.  
 Streptococci (most notably Streptococcus bovis) are known pathogens and are 
considered the major etiological agent in rumen acidosis and several carbohydrate-
overload related health conditions in horses (Hungate et al. 1952; Bailey et al. 2004; 
Milinovich et al. 2006; Nagaraja and Titgemeyer 2007). In contrast, lactobacilli are 
thought to be beneficial to the horse both in regard to their metabolic contribution as well 
as their important role in competitive exclusion of pathogenic bacteria (Collins and 
Gibson 1999). For example, Lactobacillus reuteri, which is highly abundant in the equine 
hindgut, has been shown to produce antimicrobial peptides with antagonistic activity 
against streptococci and enterococci (Wells et al. 1997; Cleusix et al. 2007). 
Glucose is a hexose monosaccaride and serves as the building block for glucan 
polysaccharides including both alpha and beta-glucans.  Glucans are typically classified 
by the orientation and location of their glycosidic bonds.  For example, cellulose, an 
important polysaccharide in the forage component of equine diets, is a β-(1,4) glucan. In 
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contrast, starch, an important polysaccharide in cereal grains, is an α-(1,4) or α-(1,6) 
glucan. Furthermore, there are also polysaccharides of fructose (i.e., fructans). Fructans 
are commonly found in pasture grasses and can have β-(2,6) linkages or a mixture of  β-
(2,1) and β-(2,6) linkages.  In addition to differences in monosaccharide composition and 
bond linkages these polysaccharides can vary in structure (i.e., chain length and 
branching) depending on species (Morrison et al. 1984; Chatterton et al. 1993; Chatterton 
and Harrison 2003; Tester et al. 2004). The structural diversity present in polysaccharides 
requires multiple specialized enzymes for complete hydrolysis. 
Bacteria can be metabolically classified as either specialists or generalists and 
differences in substrate utilization are often due to the capacity of a bacterium to produce 
enzymes, as well as enzyme specificity (Krebs 1978). A specialist can only grow on a 
narrow range of substrates (i.e., a bacterium that can only utilize starch). In contrast, a 
generalist is able to grow on a variety of different substrates (i.e., a bacterium that can 
utilize starch and inulin). Furthermore, some generalists have higher specificity for one 
substrate over another and therefore, the substrate available could greatly influence 
bacterial competition and succession in the equine hindgut (Russell and Baldwin 1979).  
 As mentioned, several factors including environmental pH, substrate 
preferences/affinity and allelopathy could play an integral role in bacterial competition 
(Russell and Baldwin 1979). However, no research to our knowledge has been done to 
investigate factors impacting amylolytic bacterial succession and competition in the 
equine hindgut. Elucidating these factors in vitro will create a hypothetical basis for 
learning the factors influencing starch microbial ecology in the hindgut. Gaining a better 
understanding of the influence of these factors could also allow for insight into the 
pathogenesis of carbohydrate-overload related conditions in horses and allow for the 
development of targeted treatment strategies. 
 In order to determine the role of substrate preference/affinity on amylolytic 
bacterial competition, amylolytic bacterial growth and metabolism were compared on 
several different substrates of varying complexity and composition. The objective of the 
first experiment was to determine the effect of substrate (glucose, potato starch, corn 
starch, short chain inulin and long chain inulin) on the growth and metabolism of the 
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amylolytic bacteria E. faecalis, S. bovis and L. reuteri in vitro. Glucose was employed as 
a test substrate because it is a sugar monomer and is frequently used in bacterial 
characterization (Kersters and Vancanneyt 2005). It was hypothesized that glucose would 
be most available for bacterial growth and metabolism regardless of bacterial species, and 
therefore the bacteria tested would have similar growth and metabolic characteristics on 
glucose.  
 As mentioned previously starch species can greatly influence starch granule 
characteristics/composition and consequently enzymatic degradation (Tester et al. 2004). 
For example, corn starch has a higher amylose content and a lower surface area to 
volume ratio than oat starch (Morrison et al. 1984; Sujka and Jamroz 2007). Therefore, 
corn starch and potato starch were used to determine if starch substrate preference 
specifically impacted amylolytic bacterial growth and metabolism. Corn starch was 
included to test the hypothesis that E. faecalis would better utilize corn starch over potato 
starch, based on the previous studies results that identified E. faecalis as the predominant 
amylolytic in corn fermentations (Chapter 3 and 4). In contrast, potato starch is 
commonly used in experiments as a model starch substrate and is similar in total amylose 
content, surface area to volume ratio, and amount of crystallinity to oat starch (Morrison 
et al. 1984; Buléon et al. 1998; Tester et al. 2006). Therefore, in the current experiment 
potato starch was utilized as a model for oat starch to evaluate the hypothesis that the 
amylolytic bacterium S. bovis would be more effective at utilizing potato starch (model 
oat starch) than corn starch as S. bovis was identified as a predominant amylolytic in oat 
fermentations (Chapter 3 and 4).  
 Although, inulins and other fructans are only found in low concentrations in 
cereal grains, these polysaccharides are commonly present in the forage component of 
equine diets. Furthermore, many amylolytic bacteria including Streptococcus spp. and 
Lactobacillus spp., have also been demonstrated to have fructanolytic activity (Bailey et 
al. 2003; Makras et al. 2005; Harlow et al. 2014). Therefore, short and long chain inulin 
were chosen as test substrates to determine the generalist characteristics of selected 
amylolytic bacteria and specifically the effect of chain length on bacterial metabolism. It 
was hypothesized that short chain inulin would be more rapidly fermented than long 
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chain inulin by all bacteria tested and that S. bovis would be most effective at utilizing 
this substrate, based on previous studies that identified S. bovis as the predominant 
fructanolytic bacterium in inulin fermentations (Harlow et al. 2014).  
  In addition to determining the role of substrate preference in amylolytic bacterial 
competition, both environmental pH and allelopathy were also evaluated.  It is well 
established that environmental pH extremes can be detrimental to bacterial growth and 
metabolism (Brock 1969; Russell and Dombrowski 1980). However, amylolytic bacteria 
including those from genus Lactobacillus, Streptococcus and Enterococcus are known to 
be extremely acid-tolerant, possessing mechanisms that allow growth and metabolism at 
low pH extremes (Russell and Dombrowski 1980; Cotter and Hill 2003). Therefore, it 
was hypothesized that all three amylolytic bacteria would be able to grow at 
physiologically relevant low pH values.  
 It is well established that the production of antimicrobial molecules (allelopathy) 
can play an important role in bacterial competition. Furthermore, all three amylolytic 
species utilized in the current study have been previously demonstrated to produce a 
variety of antimicrobial molecules with different functionalities (Iverson and Millis 1976; 
Wells et al. 1997; Xiao et al. 2004; Moreno et al. 2006; Cleusix et al. 2007).  Therefore, 
it was hypothesized that all amylolytic bacteria tested would have the capacity for 
allelopathic competition, however the mechanism (bactericidal vs. bacteriostatic) would 
be species dependent.  
Materials and Methods 
Media composition 
The basal medium was carbonate buffered to be more representative of the natural 
equine hindgut environment. The basal medium contained (per liter): 240 mg KH2PO4, 
240 mg K2HPO4, 480 mg (NH4)2SO4, 480 mg NaCl, 64 mg CaCl2 ×2H2O, 100 mg 
MgSO4 × 7H2O, 600 mg cysteine hydrochloride, 1,000 mg Trypticase, 500 mg yeast 
extract; initial pH 6.7; autoclaved to remove O2 and cooled under O2 –free CO2.  The 
buffer (4,000 mg Na2CO3) was added before dispensing and autoclaving for sterility. 
Additional substrates were added at 1.0% w/v concentration as indicated. 
Substrates used included: glucose, soluble starch (potato; Sigma-Aldrich, St. Louis, MO, 
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USA), short chain inulin (DP range: 1 to 13, mean DP ≤ 10; Orafti® OPS; BENEO Inc., 
Morris Plaines, NJ, USA), long chain inulin (DP range: 13 to 60, mean DP ≥ 23; Orafti® 
HP; BENEO Inc.), and corn starch (Sigma-Aldrich).  
Organisms 
An Enterococcus faecalis (E. faecalis EQ231) and a Streptococcus bovis (S. bovis 
EQ102) isolated from horses consuming either 2 g starch kg BW-1 coarsely cracked corn 
or whole oats, respectively, were used (Chapter 3). A Lactobacillus reuteri (ATCC # 
23272) type strain was also obtained from the American Type Culture Collection 
(Manassas, VA, USA).  
Pure cultures were routinely transferred in basal medium with glucose as the sole 
growth substrate (0.4% w/v). 
Growth substrate experiment 
 Stationary phase (16 h) pure cultures (E. faecalis, S. bovis, L. reuteri) were used 
to inoculate bottles (1.0% v/v) containing glucose, soluble starch, short chain inulin, long 
chain inulin, and corn starch at equal concentrations (1.0% w/v). Bottles were incubated 
14 h at 37 C in a shaking water bath (160 rpm). Growth (OD600) was monitored in a 
spectrophotometer every hour. Due to substrate related turbidity, OD600 could not be 
monitored in corn starch fermentations. Samples (1 mL) were collected via tuberculin 
syringes for pH measurements with a pH meter every 2 h.  After 14 h of incubation, 
samples were collected via tuberculin syringe for product analysis. Supernatants for 
product analysis were clarified by centrifugation (21,000 × g, 2 min), and frozen (-20 °C) 
until analyzed, as described below. The experiment was replicated 3 times on separate 
days (n = 3).  
Growth medium pH experiment 
Stationary phase (16 h) pure cultures (E. faecalis, S. bovis, L. reuteri) were used 
to inoculate bottles (1.0% v/v) containing glucose as the sole growth substrate (1.0% w/v) 
at a starting pH of 3.0 – 7.5, at 0.5 pH unit increments. Bottles were incubated 14 h at 37 
C in a shaking water bath (160 rpm). Growth (OD600) was monitored in a 
spectrophotometer every hour using a spectrophotometer. The experiment was replicated 
3 times on separate days (n = 3). 
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Antimicrobial experiment    
Stationary phase (16 h) cultures (E. faecalis, S. bovis, L. reuteri) were harvested 
by high-speed centrifugation (25000 g, 10 min) in CO2 –filled Balch tubes. The cell-free 
supernatants were collected under continuous CO2. Cell-free supernatants were then 
passed through a 0.22 m membrane filter (Millipore, Bedford, MA, USA).  
The sterile-filtered culture supernatants were then inoculated with 10% (v/v) 
stationary phase (16 h) cultures (example: L. reuteri supernatant inoculated with S. bovis 
or E. faecalis). Furthermore, a control culture was included by inoculating (10% v/v) 
basal medium (without added Trypticase and yeast extract) with stationary phase (16 h) 
pure cultures. Cultures were incubated for 1 h in a shaking water bath (37 C, 160 rpm).  
After the pre-incubation was completed, bottles containing glucose as the sole growth 
substrate (1.0% w/v) were inoculated (1% v/v) with the cell free supernatant incubations. 
Bottles were then incubated 14 h at 37 C in a shaking water bath (160 rpm).  Growth 
(OD600) was monitored in a spectrophotometer every hour. The experiment was 
replicated 3 times on separate days (n = 3).  
Product analysis by high-performance liquid chromatography (HPLC) 
Supernatant samples were thawed (4 C) and then clarified in a micro-centrifuge 
(21000 g, 2 min). Fermentation end-products were quantified using a Summit HPLC 
(Dionex; Sunnyvale, CA, USA) equipped with both an anion exchange column (Aminex 
HP-87H; Bio-Rad, Hercules, CA, USA) and a UV detector.  The eluents were separated 
isocratically with an aqueous sulfuric acid solution (5 mM).  The parameters included: 
injection volume 0.1 mL, flow rate 0.4 mL min-1, and column temperature 50 °C.  
Statistical analyses 
Data (OD600, pH, fermentation end-products) were analyzed using the one-way 
PROC ANOVA procedure of SAS (version 9.3, SAS Inst. Inc., Cary, NY). When a main 
effect was significant, means were separated using Fisher’s protected LSD test with 
statistical significance set at P < 0.05. For the substrate experiments, means were 
separated within species between substrates (reported in tables). Furthermore, in a 
subsequent analysis means were separated within substrate between species (analyses not 
included in tables). Similar analyses were performed for the pH experiments. However, 
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instead of between substrates, analyses were performed between starting pH values 
within bacterium (analyses included in table) and within starting pH values between 
bacteria (analyses not included in table). Additionally, for the antimicrobial experiment, 
means were separated within bacterium between supernatant incubations.   
Results 
Growth substrate experiment 
 When glucose, soluble starch, short chain inulin or long chain inulin was provided 
as a substrate, E. faecalis, S. bovis and L. reuteri grew (Figure 5.1). However, the extent  
of growth was both substrate and bacterial species dependent (P < 0.0001, in all cases; 
Table 5.1; Appendix AAA).   Enterococcus faecalis had a 7.2× higher final OD600 when 
grown on glucose than on soluble starch (P < 0.05). Similarly, L. reuteri also had a 
higher total growth on glucose (3.7× final OD600; P < 0.05).  In contrast, S. bovis a 2.5× 
higher final OD600 when grown on soluble starch than on glucose (P < 0.05).  Both E. 
faecalis (9.5× final OD600) and S. bovis (22.9× final OD600) had higher total growth on 
short chain than on long chain inulin (P < 0.05), while L. reuteri grew similarly on either 
substrate (P > 0.05). When comparing between species, L. reuteri had higher total growth 
on glucose than any other species (P < 0.05; analyses not shown). In contrast, S. bovis 
had the highest growth on both soluble starch and short chain inulin (P < 0.05; analyses 
not shown).  
Concomitantly, when any substrate was provided pH declined regardless of 
species (Figure 5.2).  The extent of pH decline was dependent on both substrate and 
bacterial species (P < 0.0001, in all cases; Table 5.1; Appendix BBB). Corn starch, 
soluble starch and glucose elicited the lowest final pH in E. faecalis (-0.347 units h-1; 
4.98), S. bovis (-0.368 units h-1; 4.56), and L. reuteri (-0.066 units h-1; 5.87) 
fermentations, respectively (both between substrates and between species; P < 0.05). 
Furthermore, short chain inulin fermentation elicited a faster and lower pH decline than 
long chain inulin fermentation, regardless of bacterial species (P < 0.05).   
However, S. bovis (-0.326 units h-1; 4.76) had a greater extent of pH decline with short 
chain inulin fermentation than E. faecalis (-0.105 units h-1; 5.64) and L. reuteri (-0.013 
units h-1; 6.57; P < 0.05; analyses not shown). 
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Figure 5.1. The effect of substrate on growth of amyloytic bacteria. Stationary phase (16 
h) amylolytic bacteria were used to inoculate bottles containing:  glucose (circles), 
soluble starch (squares), short chain inulin (triangles), or long chain inulin (upside down 
triangles) at 1.0% (w/v) concentration. Amylolytic bacteria included: (a) Enterococcus 
faecalis EQ231, (b) Streptococcus bovis EQ102, and (c) Lactobacillus reuteri ATCC 
type strain (ATCC # 23272). Incubations were carried out over 14 h at 37 °C in a shaking 
water bath (160 rpm). Growth (OD600) was monitored in a spectrophotometer every hour. 
Data shown are true means of 3 replicates.  
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Table 5.1. Final OD600
1 and final pH2 (14 h) of (a) Enterococcus faecails, (b) 
Streptococcus bovis and (c) Lactobacillus reuteri fermentations of glucose, soluble 
starch, short chain inulin, long chain inulin and corn starch (1.0% w/v; true means; n = 3) 
(a) Enterococcus faecalis 
 Glucose 
Soluble 
Starch 
Short Chain 
Inulin 
Long Chain 
Inulin 
Corn 
Starch 
P-value 
OD600 3.815c 0.527b 4.448d 0.466a N/A < 0.0001 
pH 6.28c 6.55b 5.64d 6.67a 4.98e < 0.0001 
 
(b) Streptococcus bovis 
 Glucose 
Soluble 
Starch 
Short Chain 
Inulin 
Long Chain 
Inulin 
Corn 
Starch 
P-value 
OD600 3.411b 8.599c 9.804d 0.428a N/A < 0.0001 
pH 6.33b 4.56e 4.76d 6.60a 5.72c < 0.0001 
 
(c) Lactobacillus reuteri 
 Glucose 
Soluble 
Starch 
Short Chain 
Inulin 
Long Chain 
Inulin 
Corn 
Starch 
P-value 
OD600 4.186c 1.119b 0.823a 0.715a N/A < 0.0001 
pH 5.87d 6.48c 6.57b 6.72a 5.98e < 0.0001 
N/A: could not be measured 
Values with different markers (a,b,c) are statistically different within rows (P < 0.05). 
 1Appendix AAA; 2Appendix BBB 
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Figure 5.2. The effect of substrate on the pH of amylolytic bacteria fermentations. 
Stationary phase (16 h) amylolytic bacteria were used to inoculate bottles containing:  
glucose (circles), soluble starch (squares), short chain inulin (triangles), long chain inulin 
(upside down triangles), or corn starch (diamonds) at 1.0% (w/v) concentration. 
Amylolytic bacteria included: (a) Enterococcus faecalis EQ231, (b) Streptococcus bovis 
EQ102, and (c) the Lactobacillus reuteri ATCC type strain (ATCC # 23272). Incubations 
were carried out over 14 h at 37 °C in a shaking water bath (160 rpm). Culture pH was 
monitored using a pH meter every 2 h. Data shown are true means of 3 replicates. 
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Results from fermentation end-product analyses at the conclusion of the fermentation 
period were in agreement with the aforementioned pH results. An effect of both substrate 
and bacterial species was observed for lactate concentrations (P < 0.0001; Table 5.2; 
Appendix CCC). Corn starch, soluble starch and glucose resulted in the greatest lactate 
accumulation in E. faecalis (17.3 mmol L-1), S. bovis (18.7 mmol L-1) and L. reuteri (7.5 
mmol L-1) fermentations, respectively (P < 0.05). Additionally, E. faecalis produced the 
most lactate from corn starch in comparison to S. bovis and L. reuteri (P < 0.05; analyses 
not shown). However, S. bovis produced the most lactate from both soluble starch and 
short chain inulin in comparison to the other bacteria (P < 0.05; analyses not shown). 
Additionally, an effect of both substrate and bacterial species was observed from formate 
(Appendix DDD), acetate (Appendix EEE) and EtOH (Appendix FFF) concentrations (P 
< 0.05, in all cases).  When comparing either between substrates or bacterial species, the 
highest formate, acetate and ethanol concentrations were observed when short chain 
inulin, corn starch and glucose were the substrates in E. faecalis, S. bovis and L. reuteri 
fermentations, respectively (P < 0.05).  
Growth medium pH experiment 
 All 3 pure cultures had the ability to grow at a wide range of pH values (Table 
5.3). However, the extent of growth was pH and bacterial species dependent (P < 0.0001, 
in all cases; Table 5.3; Appendix GGG). Both E. faecalis and S. bovis final OD600 were 
unaffected by starting pH between 7.5 and 5. At starting pH 4.5 both species were able to 
grow, but to a lesser extent (P < 0.05). However, at starting pH 4.0 E. faecalis was still 
able to grow, but to an even lesser extent (P < 0.05).  No growth was observed in S. bovis 
fermentations (P < 0.05). Lactobacillus reuteri showed the greatest resistance to low pH 
of the 3 bacterial species (P < 0.05; data not shown), being unaffected by starting pH 
between the pH values of 7.5 and 4.0 (P > 0.05). No growth was observed in any 
bacterial species below a starting pH of 3.5.  
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Table 5.2. Fermentation end-product production (mmol L-1) by (a) Enterococcus 
faecalis, (b) Streptococcus bovis and (c) Lactobacillus reuteri with glucose, soluble 
starch, short chain inulin, long chain inulin and corn starch fermentation (1.0% w/v; true 
means; n = 3) 
(a) Enterococcus faecalis  
 Glucose 
Soluble 
Starch 
Short 
Chain 
Inulin 
Long 
Chain 
Inulin 
Corn 
Starch 
P-value 
Lactate1 8.6c tracea 4.2b tracea 17.3d < 0.0001 
Formate2 2.5c 5.5d 9.3e tracea 1.9b < 0.0001 
Acetate3 2.6b 5.3c 9.9d 1.7a 1.7a < 0.0001 
EtOH4 tracea 2.8b 15.3c tracea tracea < 0.0001 
 
(b) Streptococcus bovis 
 Glucose 
Soluble 
Starch 
Short 
Chain 
Inulin 
Long Chain 
Inulin 
Corn 
Starch 
P-value 
Lactate 8.8b 18.7d 16.7c 1.9a 9.8b  < 0.0001 
Formate 1.7a 2.2b 1.9ab 1.6a 7.0c  < 0.0001 
Acetate 1.5a 1.8ab 2.6b 1.3a 5.5c  < 0.0001 
EtOH tracea tracea tracea tracea 10.8b  < 0.0001 
 
(c) Lactobacillus reuteri 
 Glucose 
Soluble 
Starch 
Short 
Chain 
Inulin 
Long 
Chain 
Inulin 
Corn 
Starch 
P-value 
Lactate 7.5c 4.9b tracea tracea tracea < 0.0001 
Formate 5.1b 1.0a tracea tracea tracea = 0.0001 
Acetate 4.3c 1.9ab 2.5b tracea 1.7ab = 0.0100 
EtOH 9.0b 1.9a tracea tracea tracea = 0.0002 
Values with different markers (a,b,c) are statistically different within rows (P < 0.05). 
Quantities < 1.0 mmol L-1 were considered below the limit of quantitation (trace) and 
included as 1 mmol L-1 in the statistical analysis. 
1Appendix CCC; 2Appendix DDD; 3Appendix EEE; 4Appendix FFF 
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Table 5.3. Effect of initial pH on final OD600 (14 h) of bacteria on glucose (1% w/v)
1 
 
(b) Final OD600 (14 h; P < 0.0001, in all cases) 
pH Enterococcus faecalis Streptococcus bovis Lactobacillus reuteri 
7.5 3.819a 3.417a 3.519a 
7.0 3.814a 3.421a 3.524a 
6.5 3.812a 3.411a 3.522a 
6.0 3.815a 3.418a 3.519a 
5.5 3.814a 3.417a 3.521a 
5.0 3.817a 3.415a 3.519a 
4.5 3.454b 2.426b 3.521a 
4.0 3.102c No Growthc 3.525a 
3.5 No Growthd No Growthc No Growthb 
3.0 No Growthd No Growthc No Growthb 
Values with different markers (a,b,c) are statistically different within species (P < 0.05). 
1Appendix GGG 
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Antimicrobial experiment 
 When stationary phase bacterial cultures were pre-incubated in sterile filtered 
culture supernatants for 1 h and then re-inoculated in basal medium + glucose (1% w/v), 
the lag time, and final OD600 were different.  However, these differences were both 
bacterial species and supernatant dependent (P < 0.0001, in all cases; Table 5.4; 
Appendix HHH and III). There was no effect when increasing pre-incubation time from 1 
to 2 h on lag time or final OD600 (P > 0.05, data not shown). When E. faecalis or L. 
reuteri were pre-incubated with S. bovis sterile, filtered culture supernatants, there was an 
increase in lag time and a decrease in final OD600 (P < 0.05). Similar results were also 
observed when S. bovis or L. reuteri was pre-incubated with E. faecalis sterile, filtered 
culture supernatants (P < 0.05). These results indicate that the effects of cell free E. 
faecalis and S. bovis supernatants are bacteriostatic. In contrast, no growth was observed 
when either E. faecalis or S. bovis were pre-incubated with sterile, filtered culture 
supernatants from stationary phase L. reuteri. These results indicate that the effects 
observed with the cell-free L. reuteri supernatant pre-incubations were bactericidal rather 
than bacteriostatic.  
Discussion  
The ecological theory of competition states that multiple competitors cannot 
coexist in a climax community (Krebs 1999). According to this theory, when two bacteria 
utilize the same nutrient (in this case sugar), the more fit competitor will drive the less fit  
competitor to extinction within the habitat. Previous studies in our laboratory have 
identified a potential competitive relationship between lactobacilli and other amylolytic 
bacteria (e.g., streptococci and enterococci), in horses. However, factors affecting this 
competition are still unclear. Several variables could influence amylolytic bacteria 
competition and succession in the equine hindgut, including substrate preference/affinity, 
environmental pH, and allelopathy. The current study was conducted to investigate these 
factors and their impact on growth and metabolism of amylolytic bacteria to gain further 
insight regarding competition between these bacteria in the native equine hindgut. 
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Table 5.4. Effect of cell free supernatant (1 h pre-incubation) on the growth of (a) 
Enterococcus faecalis, (b) Streptococcus bovis, and (c) Lactobacillus reuteri on glucose 
(1% w/v). 
(a) Enterococcus faecalis  
Supernatant N/A S. bovis L. reuteri P-value 
Lag Time1 
 (h) 
1a 5b No Growthc < 0.0001 
OD6002 
 (14 h) 
3.815a 0.316b No Growthc < 0.0001 
 
(b) Streptococcus bovis  
Supernatant N/A E. faecalis L. reuteri P-value 
Lag Time 
 (h) 
4a 8b No Growthc < 0.0001 
OD600 
 (14 h) 
3.411a 0.142b No Growthc < 0.0001 
 
(c) Lactobacillus reuteri  
Supernatant N/A E. faecalis S. bovis P-value 
Lag Time 
 (h) 
0a 5c 4b < 0.0001 
OD600 
 (14 h) 
3.519a 0.223b 0.215b < 0.0001 
N/A: not applicable; pre-incubation with basal media without Trypticase or yeast extract 
Values with different markers (a,b,c) are statistically different within rows (P < 0.05). 
1Appendix HHH; 2Appendix III 
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 In the hindgut, where soluble substrate concentrations are often low, differences 
in substrate affinity could play a role in bacterial competition. All three bacteria were 
generalists and were able to independently utilize all substrates tested. However, the 
current study clearly demonstrated that substrate can impact both bacterial growth as well 
as substrate conversion. For example, the E. faecalis equine isolate used in the current 
had the highest total growth on glucose than soluble starch (potato) and had the greatest 
lactic acid production and consequent pH decline when fermenting corn starch.  These 
results are consistent with previous studies that have identified E. faecalis as the 
predominant amylolytic bacteria in horses when corn is provided as the primary starch 
substrate (Chapter 3 and 4). In contrast, the S. bovis equine isolate had the highest final 
growth, and the greatest lactic acid production and consequent pH decline when soluble 
starch (potato) was included as the substrate. Soluble starch from potato is commonly 
used in experiments as a model starch substrate due to its commercial availability. 
Furthermore, potato starch is similar in total amylose content, surface area to volume 
ratio, and amount of crystallinity to oat starch (Morrison et al. 1984; Buléon et al. 1998; 
Tester et al. 2006). Therefore, it could be hypothesized that S. bovis could also be more 
effective at utilizing oat starch than corn starch. Furthermore, although all 3 bacteria 
preferentially utilized short chain over long chain inulin, the S. bovis isolate was most 
effective at doing so.  This is consistent with previous research identifying S. bovis as the 
predominant fructanolytic bacteria in equine fecal cell suspension fermentations of inulin 
(Harlow et al. 2014).  
 These results support the hypothesis that substrate preference/affinity could play 
an important role in amylolytic bacterial competition in the equine hindgut. The 
differences observed could be attributed to differences in bacterial enzyme specificity. It 
is well documented that bacterial enzymes can greatly vary in active site structure and 
functionality (MacGregor 1988; Aguilar et al. 2000; MacGregor et al. 2001) and 
therefore, could have different substrate specificity.  Few studies have been conducted to 
evaluate the effect of substrate affinity on bacteria competition (Russell and Baldwin 
1979; Russell et al. 1980; Russell et al. 1981; Russell and Robinson 1984; McAllister et 
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al. 1990). Therefore, future research is needed to better delineate the role of substrate 
affinity in amylolytic bacteria competition.   
 Lactobacillus reuteri preferentially utilized glucose over all other substrates. 
However, free glucose is not often present as a substrate in the equine hindgut. 
Furthermore, there was no evidence that L. reuteri would be able to out compete S. bovis 
or E. faecalis with any other substrate tested. Therefore, it is unclear whether substrate 
preference would play a role in amylolytic competition by L. reuteri. It is more likely that 
another mechanism is responsible for lactobacilli’s competitive advantage in equine 
hindgut starch fermentations. 
 Detrimental effects of pH extremes on bacterial growth are well documented in 
the literature. In the current experiments, no growth of any bacteria was observed when 
the starting pH was 3.5 or below.  The S. bovis isolate was most affected by starting pH 
of the medium with no growth observed when the pH was 4 or below. Furthermore, both 
S. bovis and E. faecalis showed a gradual decrease in final OD600 as pH was lowered.  In 
contrast, L. reuteri did not show a gradual decrease in final OD600. Therefore L. reuteri 
appears to be the most resistant to low pH values even though, similar to E. faecalis, 
growth was not seen at pH 3.5.   
 The inability of the bacteria, in the current experiment, to grow at low pH could 
be explained by several different mechanisms. Environmental pH can impact both the 
structure and function of proteins and enzymes. Under normal physiological conditions, 
the intracellular pH of a bacterium is typically maintained around 7 (Garland 1977). 
However, when the bacterial cell is in an acidic environment, intracellular pH can rapidly 
decline.  In fact, some acid-tolerant bacteria (including S. bovis) allow intracellular pH to 
decrease as a function of extracellular pH as a protective mechanism (i.e., SCFA toxicity; 
Kashket 1985; Russell and Hino 1985; Kashket 1987; Russell 1991). Therefore, it is 
possible that the inhibition of growth observed at low pH extremes in the current 
experiment, could be attributed to a direct effect of pH on intracellular proteins and 
enzymes.  
 Another hypothesis, based on the chemiosmotic theory (Mitchell 1971), is that 
growth inhibition could be attributed to insufficient energy needed to pump protons out 
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of the cell to maintain a proton motive force which is required for cell metabolism and 
survival (Garland 1977; Russell et al. 1979). For example, when S. bovis grows in a low 
pH environment, intracellular pH declines and lactate dehydrogenase is activated (Garvie 
1980; Russell and Hino 1985). This shift to lactate metabolism is also further exaggerated 
because the enzymes needed for acetate, formate and ethanol production are sensitive to 
low pH (Abbe et al. 1982).  Lactate production is less efficient than other fermentation 
end-products for ATP generation. Therefore, over time the membrane bound ATPase 
responsible for pumping protons out of the cell could shut down causing the bacterial cell 
membrane to de-energize.   
 An interesting example of how environmental pH can affect competition among 
bacterial species can be obtained when comparing the final OD600 values from E. faecalis 
and L. reuteri in the current study. Up until pH 5.0, E. faecalis had a higher final OD600 
than L. reuteri. However, between pH 4.5 and 4.0 this relationship is reversed. A similar 
relationship has been observed between Selenemonas ruminantium and Bacteroides 
ruminocola in vitro (Russell et al. 1979).  These results indicate that different bacteria 
may predominate under specific narrow pH ranges. However, although the observations 
made in the current study regarding the impact of pH on bacteria growth are interesting 
and informative physiologically, it is important to note that differences observed were at 
supraphysiological pH values (< pH 5). Therefore, it is unlikely that pH is a major 
contributor to amylolytic bacterial competition in the equine hindgut.  
 The idea that bacteria can produce antimicrobial peptides is not new. For 
example, L. reuteri has been previously shown to produce antimicrobial peptides with 
antagonistic activity against both Streptococcus and Enterococcus species (Wells et al. 
1997; Cleusix et al. 2007). Similarly, Enterococcus and Streptococcus species have also 
been demonstrated to produce antimicrobial peptides that have antagonistic activity 
against Lactobacillus species, as well as each other (Iverson and Millis 1976; Xiao et al. 
2004; Moreno et al. 2006).  However, the impact of this antimicrobial mediated 
antagonism on amylolytic bacteria competition is not well understood.  
 Eijsink and colleagues (2002) concluded that bacteria producing antimicrobial 
molecules (i.e., bacteriocins) can switch on the production of these proteins at times when 
  
115 
 
 
competition for nutrients is most rampant.  Researchers have investigated the effect of 
bacteriocins on bacterial competition both between different species (Tait and Sutherland 
2002; Kreth et al. 2005) and between strains within a single species (Xavier and Russell 
2006).  In the current study, pre-incubation with cell free supernatant from all 3 bacteria 
increased the lag time of growth and decreased final OD600. Furthermore, both the S. 
bovis and E. faecalis active antimicrobials appear to have a bacteriostatic mechanism. In 
contrast, the L. reuteri active antimicrobial appears to have a bactericidal mechanism as 
no growth was observed when either E. faecalis or S. bovis was pre-incubated with L. 
reuteri cell free supernatant. Future research is needed to further identify and characterize 
the unidentified antimicrobials and their mechanism of action. 
These results from the current study indicate that substrate preference and 
allelopathy could both play an important role in amylolytic bacteria competition in the 
equine hindgut. However, it is important to consider that because there are multiple 
factors that influence bacterial competition concomitantly (i.e., substrate prefence and 
allelopathy in the current study), the outcome of competition is multifactorial. For 
example, research has demonstrated that a bacterium that competes primarily via 
substrate affinity can outcompete a bacterium that primarily competes via allelopathy if 
enough of the right substrate is available (Mantovani and Russell 2003).  This could be 
attributed to the fitness cost of producing the antimicrobial. Therefore, all of the possible 
factors that dictate bacterial competition need to be taken into account when designing 
strategies to selectively inhibit bacteria in the equine hindgut.  
Conclusions 
 Substrate, environmental pH and allelopathy influenced the growth and 
metabolism of E. faecalis, S. bovis and L. reuteri. E. faecalis was most effective at 
utilizing glucose and corn starch. This is consistent with previous research identifying E. 
faecalis as the predominant amylolytic in corn fermentations (Chapter 3 and Chapter 4). 
In contrast, S. bovis was most effective at utilizing soluble starch (potato). Environmental 
pH was also found to influence bacterial growth with L. reuteri being most resistant to 
pH changes. However, the pH values at which differences were observed were 
supraphysiological. All 3 bacterial species exhibited the capacity for allelopathic 
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competition. Both the E. faecalis and S. bovis antimicrobials delayed and decreased 
growth, indicating a bacteriostatic mechanism. In contrast, no growth of S. bovis or E. 
faecalis was observed with the L. reuteri antimicrobial, indicating a bactericidal 
mechanism. These results support that substrate preference/affinity and allelopathy may 
play an integral role in amylolytic bacterial competition in the equine hindgut. It is 
important to note that this experiment was performed with pure cultures. Future research 
is needed to look at these competitive strategies within a mixed bacteria model. It is 
possible that by gaining a better understanding of amylolytic bacteria competition, novel 
targeted treatment strategies for carbohydrate-overload related conditions could be 
developed.  
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Chapter 6: Exogenous Lactobacilli Mitigate Microbial Changes Associated with 
Grain Fermentation by Equine Fecal Microflora In vitro 
Introduction 
With the use of modern horses for high level performance activities, there has 
been a concomitant increase in demand to feed horses to maximize their athletic 
performance. Typically, this results in increasing grain and decreasing forage in the diet. 
Cereal grains are high in non-structural carbohydrates, like starch and simple sugars. 
Previous research in our laboratory has been demonstrated that starch source can 
influence microbial changes in equine feces (Chapter 3; Chapter 4). For example, at equal 
starch intakes, corn produces more marked changes in the fecal microbial ecosystem than 
oats, most notably in total amylolytic bacteria (corn: 100,000-fold increase, oats: 10-fold 
increase). Furthermore, these studies also identified a strong negative correlation between 
the viable number of lactobacilli and Group D Gram-positive cocci (Enterococcus spp., 
S. bovis/equinus) and the viable number of lactobacilli and total amylolytic bacteria, 
indicating a potential competitive relationship between these bacteria in the hindgut. 
The ecological theory of competition presumes that two competitors cannot 
coexist in a climax community (Krebs 1999).  For example, Streptococcus bovis and 
Enterococcus faecalis both utilize starch in the equine hindgut, therefore, the more fit 
competitor will hypothetically drive the less fit competitor to extinction within the 
habitat. There are several factors that could play an integral role in determining the 
outcome of bacterial competition (Russell and Baldwin 1979). Previous research suggests 
that substrate preference/affinity and allelopathy specifically could play an integral role 
in amylolytic bacterial competition in the equine hindgut (Chapter 5).  
Lactobacillus species are thought to be beneficial to the horse in regard to both 
their metabolic contribution and their important role in competitive exclusion of 
pathogenic bacteria (Collins and Gibson 1999). For this reason, lactobacilli are often 
included in probiotic formulations (i.e., L. acidophilus). Although research is limited on 
the efficacy of probiotics in horses, there are studies that indicate that probiotics can 
mitigate gastrointestinal disturbances including cecal pH decline with grain feeding and 
enterocolitis (Desrochers et al. 2005; Swyers et al. 2007).  
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Certain species of lactobacilli have unique capabilities for competing with 
bacteria.  For example, L. reuteri, a member of the equine normal flora, can produce 
antimicrobial molecules with antagonistic activity against S. bovis and E. faecalis (Wells 
et al. 1997; Bernard et al. 2011; Chapter 5). Additionally, some lactobacilli are unique in 
that they are not homolactic like most Streptococcus and Lactobacillus species. For 
example, L. buchneri can produce both acetic and lactic acid during fermentation and 
also has the capacity to degrade lactic acid from the environment into acetic acid under 
conditions of low pH, like those that occur in hindgut acidosis (Oude Elferink et al. 
2001).  Therefore, heterofermentative lactobacilli like L. buchneri could counteract 
acidosis by converting lactic acid into acetic acid, which has a higher pKa and is 
nutritionally important to the equine host.  
The current study was conducted to determine the effect of different starch 
sources (corn, oats and wheat) and exogenous lactobacilli addition and viability (L. 
acidophilus, L. buchneri, L. reuteri) on pH and the growth of amylolytic bacteria 
(including GPC and lactobacilli) and lactate-utilizing bacteria. We hypothesized that the 
exogenous addition of lactobacilli could mitigate microbial changes associated with 
starch fermentation, and these effects would be Lactobacillus species and viability 
dependent.  
Materials and Methods 
Media composition 
The cell suspension medium was lightly buffered to allow pH to decrease with 
fermentation acid production, and contained (per liter): 240 mg KH2PO4, 240 mg 
K2HPO4, 480 mg (NH4)2SO4, 480 mg NaCl, 64 mg CaCl2  2H2O, 100 mg MgSO4  
7H2O, 600 mg cysteine hydrochloride; initial pH 6.7; autoclaved to remove O2 and cooled 
under N2 (Appendix OO).   
 For some experiments, a carbonate-buffered cell suspension medium was used.  It 
was prepared as described above, except that the medium was cooled under CO2, and 
4,000 mg Na2CO3 was added after cooling. 
Growth medium with soluble starch as a substrate (10,000 mg L-1) was used for 
enumeration of total amylolytic bacteria (Appendix F).  The growth medium was based 
  
119 
 
 
on Mantovani and Russell (2001) and was heavily buffered to maximize bacterial growth. 
The medium contained (per liter): 240 mg KH2PO4, 240 mg K2HPO4, 480 mg 
(NH4)2SO4, 480 mg NaCl, 64 mg CaCl2 ×2H2O, 100 mg MgSO4 × 7H2O, 600 mg 
cysteine hydrochloride, 1,000 mg Trypticase, 500 mg yeast extract; initial pH 6.7; 
autoclaved to remove O2 and cooled under O2 –free CO2.  The buffer (4,000 mg Na2CO3) 
was added before dispensing and autoclaving for sterility. 
Bile esculin azide agar (Appendix G; Enterococcosel™; Becton, Dickinson and 
Co. (BD), Franklin Lake, NJ, USA) and Rogosa SL agar (Appendix H; BD) were used 
for aerobic enumeration of Group D Gram-positive cocci (GPC; enterococci and 
streptococci) and lactobacilli, respectively. Solid media were prepared in Petri plates 
according to the manufacturer’s directions.   
Lactate-utilizing bacteria were enumerated on L-U agar, previously described by 
Mackie and Heath (1979; Appendix I). L-U agar contained (per liter): 352 mg KH2PO4, 
352 mg K2HPO4, 704 mg (NH4)2SO4, 704 mg NaCl, 94 mg CaCl2 × 2H2O, 147 mg 
MgSO4 × 7H2O, 20,000 mg trypticase, 200 mg yeast extract, 100 mg cysteine 
hydrochloride, 15,000 mg agar, 220 mmol L-1 lactic acid, 7.67 µmol L-1  hemin, 10 mL 
trace elements solution, 10 mL vitamins solution, and 10 mL VFA solution; initial pH 
6.8; autoclaved to remove O2 and cooled under O2 –free CO2.  The buffer (4,000 mg 
Na2CO3) was added before Petri plates were prepared in an anaerobic chamber (Coy; 
Grass Lakes, MI; 95% CO2, 5% H2). 
Animals and fecal collection  
The University of Kentucky Animal Care and Use Committee approved all 
husbandry and procedures. Mature geldings (n = 7; 5 - 17 y) were selected from the 
University of Kentucky, Department of Animal and Food Sciences herd at Maine Chance 
Farm, Lexington KY (Appendix JJJ). The horses selected for the study met the following 
criteria: no known history of gastrointestinal disease, and no antibiotic or anti-
inflammatory chemotherapy for at least 4 months prior to the start of the study. Horses 
were maintained on free choice grass hay with limited access to cool season grass pasture 
(Appendix KKK).   
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When feces were needed for an experiment, horses were observed in their pasture for 
defecation. Immediately post-defecation, feces were collected and placed in a plastic bag. 
Feces were thoroughly mixed by hand. The bag was purged of oxygen with CO2 and was 
then transported in a pre-warmed container (37 °C) to the laboratory for processing.  
Experimental replicates were performed on different days with feces collected from 
individual horses. That is, each experimental replicate was performed using fecal cell 
suspensions made from an individual horse, and the experiments were repeated with 
multiple horses. 
Fecal cell suspensions 
After arrival at the laboratory, fecal cell suspensions were prepared as previously 
described (Harlow et al. 2014; Chapter 4; Appendix QQ).  In short, collected fecal 
material (450 g) was placed in a blender (continuously sparged with N2) and mixed (3 
min) with 750 mL of anaerobic cell-suspension medium. The mixture was then squeezed 
through cheesecloth to remove large plant particles, and subjected to low-speed 
centrifugation (341.6 g, 5 min) to remove the remaining plant fibers and protists.  The 
supernatants then underwent a high-speed centrifugation (25654.3 g, 5 min) to collect 
prokaryotes. The remaining supernatants were discarded and the pellets were washed by 
re-suspension in anaerobic cell-suspension medium. Prokaryotic cells were then 
harvested by an additional high-speed centrifugation (25654.3 g, 10 min). The 
supernatants were discarded, and the pellets were re-suspended and pooled into a N2-
sparged glass bottle (2 L).  The optical density of the cell suspension at 600 nm (OD600) 
was adjusted to be ~15. Microscopic analysis revealed prokaryote-sized cells with no 
obvious plant fiber or protists.  
Experimental treatments, incubation and sampling 
The starch sources included finely ground (2 mm screen) corn, oats, and wheat (Table 
6.1). An initial experiment was conducted to determine the effect of starch source and 
concentration on pH of the lightly buffered fecal cell suspensions.  Each starch source (0 
to 2.0% w/v, in 0.2% increments, grain weights normalized by starch concentration) was 
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Table 6.1. Chemical composition: corn, oats, and wheat (As Fed). 
 Corn Oats Wheat 
% DM 89.50 91.90 87.80 
DE 3.45 2.68 3.26 
% CP 7.50 10.30 10.50 
% ADF 3.50 14.40 3.30 
% NDF 9.00 28.90 9.80 
% Starch 61.80 36.80 58.10 
% WSC 2.00 3.20 3.00 
% ESC 1.30 2.90 2.50 
% Ca 0.01 0.06 0.04 
% P 0.22 0.26 0.35 
DM: dry matter, DE: dietary energy (Mcal kg-1), CP: crude protein, ADF: acid detergent 
fiber, NDF: neutral detergent fiber, WSC: water soluble carbohydrates, ESC: ethanol 
soluble carbohydrates, Ca: calcium, P: phosphorus. 
aDairy one laboratories; Ithaca, NY. 
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added to a fecal cell suspension that was aliquoted into anaerobic serum bottles.  The 
bottles were incubated in a shaking water bath (37 °C, 160 rpm) for 24 h.  Samples were 
collected via tuberculin syringes and the pH was measured immediately with a pH meter. 
All treatments were performed in duplicate on suspensions made from the feces of each 
horse (n = 3 horses). 
The starch concentration eliciting maximal effects on pH for all starch sources 
(1.6% w/v starch) was then selected and used to determine the effects of exogenous 
lactobacilli species addition and concentration on fecal cell suspension pH.  Lactobacillus 
acidophilus (ATCC # 4356), Lactobacillus buchneri (ATCC # 4005) and Lactobacillus 
reuteri (ATCC # 23272) type strains were obtained from the American Type Culture 
Collection (Manassas, VA, USA). Lactobacilli pure cultures were routinely transferred in 
growth media with glucose as the sole growth substrate (0.4% w/v).  When lactobacilli 
were needed for an experiment, cells from stationary phase (16 h) lactobacilli cultures 
were harvested by high-speed centrifugation (25000 g, 10 min) in N2 – filled Balch tubes. 
The supernatants were aspirated from the pellet under continuous N2, and re-suspended in 
anaerobic lightly buffered cell suspension media at 0, 102, 104, 106 or 108 cells mL-1. 
For each experiment, fecal cell suspensions were dispensed into serum bottles 
containing ground (2 mm screen) corn, oats or wheat at 1.6% w/v starch concentration. 
Lactobacilli treatments were then added to the bottles as a 10% v/v addition and the 
suspensions were incubated as described above for 24 h. Samples were then collected via 
tuberculin syringes and the pH was measured immediately with a pH meter. All 
treatments were performed in duplicate on suspensions made from the feces of each horse 
(n = 3 horses). 
The exogenous lactobacilli concentration eliciting maximal effects on increasing 
pH (108 cells mL-1, for all lactobacilli tested) was then selected and used to determine the 
effects of Lactobacillus spp. and viability (live or dead) on the enumeration of total 
amylolytic bacteria including lactobacilli and Group D Gram-positive cocci (GPC), and 
lactate-utilizing bacteria. The suspension medium used in the remainder of the 
experiments was carbonate-buffered cell suspension medium (as described above), to be 
more representative of the natural environment of the equine hindgut.  
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Lactobacilli additions were prepared as described above, except under a CO2-atmosphere, 
with a final concentration of 108 cells mL-1. In addition, paired dead (autoclaved) 
lactobacilli additions were also prepared (corn only).   
Cell suspensions were dispensed into anaerobic serum bottles containing ground 
(2 mm screen) corn, oats or wheat at 1.6% w/v starch concentration. Lactobacilli 
treatments were then added to the bottles and the suspensions were incubated as 
described above for 24 h.  Samples were collected via tuberculin syringes after 24 h of 
incubation for pH and bacterial enumeration. The pH was measured immediately with a 
pH meter. Samples for enumerations (1 mL) were serially diluted (10-fold increments) in 
anaerobic PBS (Appendix E), which was then used to inoculate the selective media. Solid 
media types were inoculated with 0.2 mL with a sterile spreader. Liquid media types 
were inoculated with 1 mL with a tuberculin syringe. The experiment was replicated 
three times with suspensions made from the feces of three different horses. 
Bacterial enumerations 
Total amylolytic bacteria were enumerated in anaerobic liquid medium with 
soluble starch (as described above). The tubes were incubated (37 °C, 3 d).  The final 
dilution exhibiting bacterial growth (viscosity; visual examination) was recorded as the 
viable number.  
Group D Gram-positive cocci (GPC) were enumerated on bile esculin azide agar 
(Enterococcosel™; BD). Lactobacilli were enumerated on Rogosa SL agar (BD). The 
plates were incubated aerobically (37 °C, 3 d). Plates with 30 < x < 300 colonies were 
considered countable. All colonies on Rogosa agar were counted as lactobacilli. Black 
colonies on bile esculin azide agar were counted as GPC.  
Total lactate-utilizing bacteria were enumerated on L-U agar.  The plates were 
incubated (37 °C, 5 d) in an anaerobic chamber (Coy; Grass Lakes, MI; 95% CO2, 5% 
H2). Plates with 30 < x < 300 colonies were considered countable. All colonies on L-U 
agar were counted as lactate-utilizing bacteria.  
In vitro starch disappearance experiments  
Finely ground (2 mm screen) corn, oats and wheat were used to determine the 
effects of starch source and exogenous L. reuteri addition on in vitro starch 
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disappearance.  Live and dead (autoclaved) L. reuteri additions were prepared as 
described above with a final concentration of 108 cells mL-1. Cell suspensions were 
dispensed into anaerobic Balch tubes containing ground corn, oats or wheat at 1.6% w/v 
starch concentration. Lactobacilli treatments were then added to the tubes (10% v/v 
addition) and the suspensions were incubated as described above for 24 h.  Tubes were 
destructively sampled and starch was partially hydrolyzed (1:1 addition of cold 1 M 
acetate buffer, pH 5.0; 200 µL -amylase; incubation at 100 °C for 90 min; Appendix 
LLL) at 0, 2, 4, 6, 8 and 24 h. Supernatants (50 µL; in duplicate) for later analysis were 
clarified by centrifugation (3000 g, 10 min), and frozen (-20 °C). The experiment was 
replicated three times with fecal cell suspensions prepared from three different horses.  
Starch analysis was performed as described by Sveinbjornsson et al. (2007; 
Appendix LLL). In short, samples were thawed and starch was fully degraded to glucose 
(40 µL amyloglucosidase; 200 µL 0.05 M acetate buffer; incubation at 60 °C for 60 min). 
Glucose was then quantified by measuring the increased absorbance of NADPH 
associated with the reduction of a known quantity of NADP as glucose in the samples is 
converted to glucose-6-phosphate (abs1, 340 nm: 50 µL NADP, 50 µL ATP, 1.45 mL 
triethanolamine hydrochloride buffer, incubation at room temperature for 5 min; abs2, 
340 nm: 100 µL hexokinase/glucose – 6- phosphate dehydrogenase; incubation at room 
temperature for 15 min). The amount of starch in the original sample was then calculated 
using the final glucose concentration by converting free glucose to starch with a 
multiplication factor of 0.9.  
Enterococcus faecalis and intracellular potassium  
 The effects of dead (autoclaved) L. reuteri fractions on the intracellular potassium 
concentration of E. faecalis were determined by flame photometry.  Enterococcus 
faecalis cell suspensions were made from stationary phase (16 h) cultures. The bacterial 
cells were harvested by differential centrifugation (25654.3 g, 10 min) in CO2-filled 
Balch tubes.  The supernatant was aspirated from the pellet under continuous CO2, and 
re-suspended in basal medium (3.82 starting OD600). Dead L. reuteri culture was also 
subjected to differential centrifugation as described above in CO2-filled Balch tubes. 
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Cell-free L. reuteri supernatant was collected and dead cells were re-suspended in basal 
medium under continuous CO2 for later treatment addition.  
Tubes were prepared in quadruplicate with glucose (1.0% w/v) as the sole carbon 
source. E. faecalis cells were energized for 30 min at 37 C. One of the following 
treatments was then added to the energized E. faecalis: no addition (control), extracellular 
potassium control (valinomycin and nigericin, 10 mol L-1 each), whole dead L. reuteri 
(cells and supernatant), dead L. reuteri cells only, or dead L. reuteri supernatant only. 
Incubations at 37 C then continued for an additional 10 min.  
After incubation, suspensions were sampled via tuberculin syringe (1 mL), The 
bacterial cells were separated from the supernatant by centrifugation (13000 g, 1 min) 
through silicone oil, as previously described (Barker and Kashket 1977).  The tubes were 
then placed in a freezer (-20 C) until frozen. The pellets were then removed using dog 
nail clippers, and underwent acid digestion (3 N nitric acid, 72 h).  The potassium 
concentration was then determined using a flame photometer (Digital Flame Analyzer, 
2655-00; Cole-Parmer, Vernon Hills, IL, USA).  Values were corrected for extracellular 
potassium by subtracting valinomycin/nigericin controls.  
Statistical Analyses 
Prior to statistical analyses, bacterial enumerations were normalized by log 
transformation. Data (bacterial enumerations, pH, % total starch disappearance) were 
analyzed using the one-way ANOVA procedure of SAS (version 9.3, SAS Inst. Inc., 
Cary, NY). When a main effect of treatment was detected, means were separated using 
Fisher’s protected LSD test with statistical significance set at P < 0.05. For the 
lactobacilli concentration experiments, means were separated within Lactobacillus 
species in comparison to substrate only controls. For the remainder of the experiments, 
means were separated either within starch source or between starch sources depending on 
the comparisons desired.  
Starch disappearance analyses were performed using the MIXED procedure of 
SAS. The initial rate of starch disappearance was analyzed as a continuous variable (0, 2, 
4, 6, 8 h; linear, quadratic and cubic regression coefficients), and treatment as a discrete 
variable using backward elimination stepwise regression analysis. Models containing 
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only interactions between treatments and regression coefficients were analyzed to 
determine significant (P < 0.05) linear, quadratic, and cubic regression coefficients for 
each treatment (Little et al. 1996). In the presence of a time x treatment interaction, least 
square means for treatments were compared at each time point using the PDIFF option of 
SAS.  
Results 
When ground corn, oats, or wheat was fermented by equine fecal microflora, the 
suspension pH declined (Figure 6.1; Appendix MMM). The average initial pH values of 
the cell suspensions were 6.8, and the extent of pH decline over the 24 h incubation was 
dependent on starch source and concentration. The lowest starch concentration eliciting 
maximal pH effects for all starch sources after 24 h was 1.6% w/v starch (3.5, 4.4, and 
4.2 for corn, oat and wheat incubations, respectively).  Based on these results, subsequent 
experiments were performed with 1.6% w/v starch.  
The effect of exogenous Lactobacillus species addition and concentration on pH 
of fecal cell suspensions fermenting corn, oats or wheat was evaluated after 24 h of 
incubation. Variable pH responses were observed, regardless of substrate and 
Lactobacillus species when 102, 104, and 106 exogenous lactobacilli were added to fecal 
cell suspensions (Corn: Figure 6.2; Oats: Figure 6.3; Wheat: Figure 6.4; Appendix NNN). 
In some cases, these additions led to even greater pH decline than the substrate 
only control. However, when 108 lactobacilli were added exogenously to fecal cell 
suspensions pH was greater than control, regardless of substrate and Lactobacillus 
species (P < 0.05). Furthermore, in both corn and wheat incubations (in which the 
greatest pH decline was observed) the addition of 108 L. reuteri was most effective at 
mitigating pH decline (P < 0.05; + 0.2 – 0.3 pH units). Therefore, for the remainder of 
the experiment exogenous lactobacilli were added at a concentration of 108 cells.  
The next experiment was conducted to determine the effect of exogenous 
Lactobacillus spp. addition and viability (live vs. dead) on pH and the growth of 
amylolytic bacteria (including lactobacilli and GPC) and lactate-utilizing bacteria.  
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Figure 6.1. The relationship between pH and concentration of starch source (corn, oats 
and wheat) after 24 h of fermentation by lightly buffered equine fecal cell suspensions. 
The suspensions had an initial pH value of 6.8 (dashed line). Starch sources used 
included finely ground (2 mm screen) corn (circles), oats (squares) and wheat (triangles). 
Starch sources were included at concentrations from 0 – 2 % w/v, in 0.2% increments.  
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Figure 6.2. The effect of exogenous lactobacilli addition on the pH of lightly buffered 
equine fecal cell suspensions fermenting corn.  The substrate included finely ground (2 
mm screen) corn at 1.6% w/v starch. Treatments included control (black bars; corn only), 
and the exogenous addition of L. acidophilus, L. buchneri, L. reuteri and Mixed (all 3 at 
equal concentrations) at 102 (up hatched bars), 104 (grey bars), 106 (down hatched bars) 
and 108 (speckled bars) final concentration. Samples were taken after 24 h of incubation 
(37 C) for pH determination. Means lacking a common letter are different within 
Lactobacillus spp. (P < 0.05); L. acidophilus: treatment: P < 0.0001, Pooled SEM: 
treatment = 0.0225; L. buchneri: P < 0.0001, Pooled SEM: treatment = 0.0328; L. reuteri: 
P < 0.0001, Pooled SEM: treatment = 0.0312; Mixed: P < 0.0001, Pooled SEM: 
treatment = 0.0320. 
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Figure 6.3. The effect of exogenous lactobacilli addition on the pH of lightly buffered 
equine fecal cell suspensions fermenting oats.  The substrate included finely ground (2 
mm screen) whole oats at 1.6% w/v starch. Treatments included control (black bars; oats 
only), and the exogenous addition of L. acidophilus, L. buchneri, L. reuteri and Mixed 
(all 3 at equal concentrations) at 102 (up hatched bars), 104 (grey bars), 106 (down 
hatched bars) and 108 (speckled bars) final concentration. Samples were taken after 24 h 
of incubation (37 C) for pH determination. Means lacking a common letter are different 
within Lactobacillus spp. (P < 0.05); L. acidophilus: treatment: P < 0.0001, Pooled SEM: 
treatment = 0.0200; L. buchneri: P < 0.0001, Pooled SEM: treatment = 0.0212; L. reuteri: 
P < 0.0001, Pooled SEM: treatment = 0.0304; Mixed: P < 0.0001, Pooled SEM: 
treatment = 0.0217. 
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Figure 6.4. The effect of exogenous lactobacilli addition on the pH of lightly buffered 
equine fecal cell suspensions fermenting wheat.  The substrate included finely ground (2 
mm screen) wheat at 1.6% w/v starch. Treatments included control (black bars; wheat 
only), and the exogenous addition of L. acidophilus, L. buchneri, L. reuteri and Mixed 
(all 3 at equal concentrations) at 102 (up hatched bars), 104 (grey bars), 106 (down 
hatched bars) and 108 (speckled bars) final concentration. Samples were taken after 24 h 
of incubation (37 C) for pH determination. Means lacking a common letter are different 
within Lactobacillus spp. (P < 0.05); L. acidophilus: treatment: P < 0.0001, Pooled SEM: 
treatment = 0.0241; L. buchneri: P < 0.0001, Pooled SEM: treatment = 0.0334; L. reuteri: 
P < 0.0001, Pooled SEM: treatment = 0.0319; Mixed: P < 0.0001, Pooled SEM: 
treatment = 0.0203. 
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Figure 6.5. The effect of exogenous lactobacilli addition on the pH of heavily buffered 
equine fecal cell suspensions.  Starch sources included finely ground (2 mm screen) corn, 
oats and wheat at 1.6% w/v starch concentration. Treatments included initial (open bars; 
0 h), control (up hatched bars; substrate only), and the exogenous addition of L. 
acidophilus (grey bars), L. buchneri (down hatched bars), L. reuteri (speckled bars) and 
Mixed (black bars; all 3 at equal concentrations) at 108 final concentration live or dead 
(autoclaved; corn only). Samples were taken after 24 h of incubation (37 C) for pH. 
Hatched lines separate individual statistical comparisons. Means lacking a common letter 
are different between treatments within substrate (P < 0.05); Corn: treatment, P < 0.0001; 
Oats: treatment, P = 0.0012; Wheat: treatment, P = 0.0012; Pooled SEM Corn: treatment 
= 0.0674; Oats: treatment = 0.0187; Wheat: treatment = 0.0349.  
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Similar to previous experiments, the addition of 108 exogenous lactobacilli, 
regardless of species and viability, increased the pH of fecal cell suspensions fermenting 
corn, oats or wheat (except Mixed treatment in oat fermentations; Figure 6.5; Appendix 
OOO).  Notably, L. acidophilus and L. reuteri were most effective at mitigating pH 
decline with starch source fermentation (P < 0.05).  For example, in corn fermentations 
the addition of exogenous L. reuteri increased suspension pH by 1.2 units (pH 5.0  pH 
6.2).  
Initially, 105 amylolytic bacteria were observed in fecal cell suspensions (Figure 
6.6; Appendix PPP). After 24 h of incubation, exogenous lactobacilli addition, regardless 
of species and viability, decreased the viable number of total amylolytic 
bacteria observed with corn (P < 0.0001), oat (P = 0.0033) and wheat (P < 0.0001) 
fermentation (except Mixed with oats).  In both corn and wheat fermentations, L. reuteri 
addition was most effective at mitigating total amylolytic bacteria proliferation (10,000- 
and 100- fold in corn and wheat incubations, respectively; P < 0.05).  Furthermore, in 
corn fermentations, lactobacilli additions were equally effective when added live or dead 
(P < 0.05).   
In initial equine fecal cell suspensions, 1.7 × 106 to 1.8 × 106 and 3.1 × 105 to 3.3 
× 105 GPC (Figure 6.7; Appendix QQQ) and lactobacilli (Figure 6.8; Appendix RRR) 
were observed, respectively. There were effects of lactobacilli treatment on GPC and 
lactobacilli enumerations in corn, oat and wheat incubations (P < 0.0001, in all cases). 
Exogenous lactobacilli addition decreased the growth of GPC and increased the growth 
of lactobacilli. However, these effects were both species and substrate dependent.  
For example, L. acidophilus addition was only effective at decreasing GPC growth in 
corn fermentations. Additionally, there was no additive effect of combining the 
Lactobacillus species together (Mixed). In fact, the Mixed treatment was consistently the 
least effective at increasing the viable number of lactobacilli with any starch source.  In 
oat fermentations specifically, Mixed decreased the viable number of lactobacilli in 
comparison to control (substrate only; P < 0.05).  
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Figure 6.6. The effect of exogenous lactobacilli addition on the viable number of total 
amylolytic bacteria in heavily buffered equine fecal cell suspensions.  Starch sources 
included finely ground (2 mm screen) corn, oats and wheat at 1.6% w/v starch 
concentration. Treatments included initial (open bars; 0 h), control (up hatched bars; 
substrate only), and the exogenous addition of L. acidophilus (grey bars), L. buchneri 
(down hatched bars), L. reuteri (speckled bars) and Mixed (black bars; all 3 at equal 
concentrations) at 108 final concentration live or dead (autoclaved; corn only). Samples 
were taken after 24 h of incubation (37 C) for bacterial enumeration. The enumerations 
were performed in anaerobic liquid media with soluble starch as the growth substrate. 
The tubes were incubated (37 °C, 3 d), and the final dilution exhibiting bacterial growth 
(visual examination) was recorded as the viable number.  Hatched lines separate 
individual statistical comparisons. Means lacking a common letter are different between 
treatments within substrate (P < 0.05); Corn: treatment, P < 0.0001; Oats: treatment, P = 
0.0033; Wheat: treatment, P < 0.0001; Pooled SEM Corn: treatment = 0.4513; Oats: 
treatment = 0.2582; Wheat: treatment = 0.2582 (log10 transformed).  
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Figure 6.7. The effect of exogenous lactobacilli addition on the viable number of Group 
D Gram-positive cocci (GPC) in heavily buffered equine fecal cell suspensions.  Starch 
sources included finely ground (2 mm screen) corn, oats and wheat at 1.6% w/v starch 
concentration. Treatments included initial (open bars; 0 h), control (up hatched bars; 
substrate only), and the exogenous addition of L. acidophilus (grey bars), L. buchneri 
(down hatched bars), L. reuteri (speckled bars) and Mixed (black bars; all 3 at equal 
concentrations) at 108 final concentration live or dead (autoclaved; corn only). Samples 
were taken after 24 h of incubation (37 C) for bacterial enumeration. GPC were 
enumerated on bile aesculin azide agar (BD). The plates were incubated aerobically (37 
°C, 3 d). Plates with 30 < x < 300 colonies were counted. Black colonies on bile aesculin 
azide agar were counted as GPC.  Hatched lines separate individual statistical 
comparisons. Means lacking a common letter are different between treatments within 
substrate (P < 0.05); Corn: treatment, P < 0.0001; Oats: treatment, P < 0.0001; Wheat: 
treatment, P < 0.0001; Pooled SEM Corn: treatment = 0.1190; Oats: treatment = 0.0859; 
Wheat: treatment = 0.0091 (log10 transformed).  
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Figure 6.8. The effect of exogenous lactobacilli addition on the viable number of 
lactobacilli in heavily buffered equine fecal cell suspensions.  Starch sources included 
finely ground (2 mm screen) corn, oats and wheat at 1.6% w/v starch concentration. 
Treatments included initial (open bars; 0 h), control (up hatched bars; substrate only), and 
the exogenous addition of L. acidophilus (grey bars), L. buchneri (down hatched bars), L. 
reuteri (speckled bars) and Mixed (black bars; all 3 at equal concentrations) at 108 final 
concentration live or dead (autoclaved; corn only). Samples were taken after 24 h of 
incubation (37 C) for bacterial enumeration. The enumerations were performed on 
Rogosa SL agar (BD). The plates were incubated aerobically (37 °C, 3 d). Plates with 30 
< x < 300 colonies were counted. All colonies on Rogosa SL agar were counted as 
lactobacilli.  Hatched lines separate individual statistical comparisons. Means lacking a 
common letter are different between treatments within substrate (P < 0.05); Corn: 
treatment, P < 0.0001; Oats: treatment, P < 0.0001; Wheat: treatment, P < 0.0001; Pooled 
SEM Corn: treatment = 0.1042; Oats: treatment = 0.0548; Wheat: treatment = 0.0624 
(log10 transformed).  
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Exogenous addition of L. reuteri was most effective at decreasing the viable number of 
GPC and increasing the viable number of lactobacilli (P < 0.05). In corn fermentations, L. 
reuteri decreased enumerable GPC and increased enumerable lactobacilli by < 100-fold, 
regardless of viability (P < 0.05).  
In initial fecal cell suspensions, 6.15 × 106 to 6.34 × 106 total lactate-utilizing 
bacteria were observed (Figure 6.9; Appendix SSS). After 24 h of incubation, lactobacilli 
addition, regardless of species and viability, increased the viable number of total lactate-
utilizing bacteria observed with corn (P < 0.0001), oat (P < 0.0001) and wheat (P < 
0.0001) fermentation (except L. buchneri and Mixed with oats). In both corn and oat 
fermentations, L. reuteri addition was most effective at increasing the viable 
number of total lactate-utilizing bacteria (P < 0.05). In wheat fermentations, L. 
acidophilus and L. reuteri additions were equally effective. Based on the aforementioned 
results, exogenous L. reuteri (regardless of viability) was most consistently effective at 
mitigating changes associated with starch fermentation. However, the mechanism of 
action of how this mitigation occurs is unclear. Therefore, the subsequent experiment was 
conducted to determine how L. reuteri addition (live and dead) impacts starch 
fermentation by equine fecal microflora.  
Starch disappearance showed linear changes in substrate only controls over time. 
Starch disappearance in corn incubations was faster than in oat incubations, with wheat 
being intermediate (P < 0.0001, analyses not shown; Appendix TTT). No effect of L. 
reuteri addition (live or dead) on the initial rate of starch disappearance was observed in 
corn (overall quadratic model; 90.44 + -12.79x + 0.52757x2 ; Figure 6.10a) or oat 
incubations (overall linear model; 90.444 + -7.4887x; P > 0.05, in all cases; Figure 
6.10b). However, wheat fermentations with added live (quadratic model; 87.451 + -
7.9907x + 0.15628x2) or dead (quadratic model; 87.527 + -7.6422x + 0.11823x2) L. 
reuteri had a slower rate of starch disappearance than the substrate only control (81.097 + 
-8.326x; P < 0.0001; Figure 6.10). Furthermore, differences in the rate of starch 
disappearance resulted in the L. reuteri treated suspensions having higher concentrations 
of starch at 2, 4, 6 and 8 h of incubation in comparison to control (P < 0.0001, in all 
cases). 
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Figure 6.9. The effect of exogenous lactobacilli addition on the viable number of total 
lactate-utilizing bacteria in heavily buffered equine fecal cell suspensions.  Starch sources 
included finely ground (2 mm screen) corn, oats and wheat at 1.6% w/v starch 
concentration. Treatments included initial (open bars; 0 h), control (up hatched bars; 
substrate only), and the exogenous addition of L. acidophilus (grey bars), L. buchneri 
(down hatched bars), L. reuteri (speckled bars) and Mixed (black bars; all 3 at equal 
concentrations) at 108 final concentration live or dead (autoclaved; corn only). Samples 
were taken after 24 h of incubation (37 C) for bacterial enumeration. Total lactate-
utilizing bacteria were enumerated on L-U agar. The plates were incubated anaerobically 
(37 °C, 5 d). Plates with 30 < x < 300 colonies were counted. All colonies on L-U agar 
were counted as lactate-utilizing bacteria.  Hatched lines separate individual statistical 
comparisons. Means lacking a common letter are different between treatments within 
substrate (P < 0.05); Corn: treatment, P < 0.0001; Oats: treatment, P < 0.0001; Wheat: 
treatment, P < 0.0001; Pooled SEM Corn: treatment = 0.0390; Oats: treatment = 0.0437; 
Wheat: treatment = 0.0329 (log10 transformed).  
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Figure 6.10. The effect of exogenous Lactobacillus reuteri addition on the initial rate of 
starch disappearance by heavily buffered equine fecal cell suspensions. Starch sources 
included finely ground (2 mm screen) corn (a), oats (b), and wheat (c) at 1.6% w/v starch 
concentration. The treatments included substrate only (circles, solid line), substrate + 108 
L. reuteri live (squares, hatched line) or substrate + 108 L. reuteri dead (autoclaved; 
triangles, dotted line). Samples for starch analysis were taken at 0, 2, 4, 6, and 8 h of 
incubation. Asterisks indicate a significant difference between L. reuteri (live or dead) 
treated suspensions and the substrate only control within a time point (P < 0.0001); Corn: 
P = 0.0796; Oats: P = 0.4568; Wheat: P < 0.0001; SE Corn = 2.6373; Oats = 0.6326; 
Wheat = 1.9951. 
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The percentage of total starch disappearance after 24 h of incubation was similar 
in corn, oat and wheat incubations (>75%, in all cases; P > 0.05, data not shown; 
Appendix TTT). However, fermentations containing added L. reuteri either had similar or 
higher total starch disappearance in comparison to substrate only controls (Corn: P = 
0.8898; Oats: P < 0.0001; Wheat: P < 0.0001; Figure 6.11). In all cases, fermentations 
with added live L. reuteri had similar total starch disappearance to substrate only controls 
(P > 0.05). In contrast, additions of dead L. reuteri caused an increase in percent total 
starch disappearance in oat (~83%) and wheat (~88%) incubations (P < 0.05).  
In order to better characterize the allelopathic competition observed, the effects of 
dead (autoclaved) L. reuteri fractions on the intracellular potassium concentration of E. 
faecalis were determined using flame photometry. Essentially, if the antimicrobial of 
interest is membrane active, potassium will leak out of the cell. Enterococcus faecalis 
cell suspensions accumulated potassium (c. 850 nmol mg cell protein-1) after being 
energized by the addition of glucose (Figure 6.12). The addition of dead whole L. reuteri 
and dead L. reuteri supernatant decreased intracellular potassium by approximately 60%.  
Discussion 
Probiotics are live microorganisms that are beneficial to the host and are believed 
to function by promoting competitive exclusion of pathogenic bacteria (Collins and 
Gibson 1999).  This can occur by increasing competition for nutrients, competition for 
adhesion sites, generation of antimicrobial by-products, inhibition of the production of 
bacterial toxins and lastly improving overall gastrointestinal health (Fuller 1991; Musa et 
al. 2009; Huang et al. 2015).  Although research is limited on the use of probiotics in 
horses, there are studies that indicate that probiotics can have positive effects on 
mitigating gastrointestinal disturbance in horses including hindgut acidosis (Desrochers 
et al. 2005; Swyers et al. 2008; Jouany et al. 2008).   
Previous studies in our laboratory have identified a strong negative relationship between 
the enumerations of lactobacilli and amylolytic bacteria with grain fermentation, 
indicating a competitive relationship between these bacteria (Chapter 3 and Chapter 4).  
Based on the aforementioned observations, the objective of the current study was to 
determine if exogenous lactobacilli additions (L. acidophilus, L. buchneri, L. reuteri)  
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Figure 6.11. The effect of exogenous Lactobacillus reuteri addition on the % total starch 
disappearance by heavily buffered equine fecal cell suspensions. Starch sources included 
finely ground (2 mm screen) corn, oats and wheat at 1.6% w/v starch concentration. The 
treatments included substrate only (black), substrate + 108 L. reuteri live (hatched) or 
substrate + 108 L. reuteri dead (autoclaved; grey). Samples for starch analysis were taken 
at 0 and 24 h of incubation. Means lacking a common letter are different between 
treatments within substrate (P < 0.05); Corn: treatment, P = 0.8898; Oats: treatment, P < 
0.0001; Wheat: treatment, P < 0.0001; Pooled SEM Corn: treatment = 0.0390; Oats: 
treatment = 0.0437; Wheat: treatment = 0.0329. 
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Figure 6.12. The effect of dead (autoclaved) Lactobacillus reuteri fractions on the 
intracellular potassium concentration of Enterococcus faecalis. Glucose (1.0% w/v) was 
added to cell suspensions of E. faecalis and the bacterium was allowed to energize for 30 
min at 37 C. One of the following treatments was then added to the energized E. 
faecalis: no addition (control; black bar), whole dead L. reuteri (cells and supernatant; 
hatched bar), dead L. reuteri cells only (striped bar), or dead L. reuteri supernatant only 
(grey bars). Incubations at 37 C continued for an additional 10 min. The potassium 
concentration was then determined using a flame photometer. Data presented are true 
means (n = 3, replicates).  
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could mitigate both pH and microbial changes associated with corn, oat and wheat 
fermentation in vitro.  
The results from the grain only fermentations in the current study are consistent 
with those previously reported in our laboratory both in vitro and in vivo (Harlow et al. 
2015; Chapter 3 and Chapter 4).  Corn fermentation had the lowest pH and promoted the 
growth of total amylolytic bacteria and GPC while decreasing lactobacilli and lactate-
utilizing bacteria.  Wheat produced similar results to corn, except both GPC and 
lactobacilli increased in these fermentations. In contrast, fermentation with oats had the 
highest pH, and favored the growth of lactobacilli and lactate-utilizing bacteria while 
inhibiting GPC.  
Although the aforementioned differences between starch sources are often 
attributed to differences in foregut digestibility, the current study did not account for 
small intestinal digestion. Therefore, these differences could be explained by variations in 
microbial fermentation. In order to better delineate the microbial and pH differences 
observed between starch sources, the initial rate and extent of starch disappearance were 
evaluated. Corn had the fastest rate of starch disappearance; oats had the slowest; and 
wheat fermentations were intermediate. Decreasing the rate of starch disappearance could 
allow for greater adaptation of the hindgut microflora and consequent increased stability.  
In the pathogenesis of acute rumen acidosis, S. bovis is considered the major 
etiological agent because it proliferates under conditions of starch overload and leads to 
rapid pH decline via homolactic metabolism (Nagaraja and Miller 1989; Gill et al. 2000). 
However, when cattle are adapted to high grain diets, S. bovis does not proliferate (Wells 
et al. 1997). A similar pathogenesis may also be responsible for differences observed 
between starch sources. For example, in oat fermentations, the rate of starch 
disappearance is slower allowing the microflora to adapt to the starch, and consequently 
GPC (S. bovis) do not proliferate. In contrast, starch disappearance is rapid in corn 
fermentations. Therefore, the microflora are not able to adapt and GPC (S. bovis) do 
proliferate.  
Furthermore, despite the differences in rate of starch disappearance after 24 h of 
fermentation, the total percent starch disappearance was similar for all starch sources. 
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Therefore, consequent substrate availability from starch fermentation for energetic end-
product conversion to meet the horse’s requirements, may not be affected by starch 
source.  However, future research is needed to evaluate this phenomenon in vivo.  
The addition of exogenous lactobacilli was effective at mitigating pH and 
microbial changes associated with corn, oat and wheat fermentation. However, the effects 
observed were both species and substrate dependent. Lactobacillus reuteri addition was 
the most consistently effective lactobacilli addition. For example, in corn fermentations 
where the greatest disturbance occurred, L. reuteri addition increased pH (+ 0.3 units), 
lactobacilli (>100-fold), and lactate-utilizing bacteria (>100-fold) while decreasing total 
amylolytic bacteria (>10,000-fold) and GPC (>100-fold).  Additionally, the effects 
observed with L. reuteri addition were the same regardless of viability. Interestingly, 
addition of L. reuteri (regardless of viability) decreased the rate of starch disappearance 
with wheat fermentation but not with corn or oat fermentation. Despite these differences, 
at 24 h fermentations with added live or dead L. reuteri had similar or greater total starch 
disappearance as the substrate only controls, respectively. These results are consistent 
with previous experiments in our laboratory that demonstrated that L. reuteri had a strong 
alleopathic competitive advantage against other predominant equine amylolytic bacteria 
(Chapter 5). Furthermore, the active antimicrobial molecule from L. reuteri was 
membrane-active (evidenced by decreased intracellular potassium) and localized to the 
culture supernatant indicating solubility.  
The most widely used and studied membrane-active antimicrobial is the polyether 
ionophore, monensin (Van Nevel and Demeyer 1977; Chow and Russell 1990; Callaway 
et al. 2003).  Monensin is frequently included in ruminant diets to control rumen acidosis 
as well as a variety of other production system related problems (Callaway et al. 2003; 
Tedeschi et al. 2003). However, monensin is highly toxic to equines (Matsuoka 1976), 
preventing its use in the control of equine hindgut acidosis. For this reason, 
Virginiamycin, a streptogramin antibiotic, has been used to control equine hindgut 
acidosis and related health conditions (Rowe et al. 1994). Unfortunately, the use of this 
antibiotic in animals is now prohibited in many countries (Casewell et al. 2003); 
therefore, antibiotic alternatives are of interest.  
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Lactobacillus reuteri is highly abundant in the normal equine hindgut microflora 
(Bernard et al. 2011), and has been shown to survive passage through the stomach and 
upper small intestine and transiently colonize the gastrointestinal tract in humans, making 
it a prime probiotic candidate for use in horses (Valeur et al. 2004). Furthermore, this 
bacterium has been used for > 20 years as a probiotic and/or starter culture in food and 
health care products (Vollenweider and Lacroix 2004).  Lactobacillus reuteri has the 
ability to synthesize 3-hydroxypropionalehyde (reuterin) as a by-product of glycerol 
fermentation. Reuterin is a potent antimicrobial agent active against a broad spectrum of 
microorganisms including Streptococcus spp. and Enterococcus spp. (Cleusix et al. 
2007). Reuterin is water soluble, consistent with the active antimicrobial in the current 
experiment, and is highly effective at low pH values like those encountered in the 
acidotic hindgut (Axelsson et al. 1989; Vollenweider and Lacroix 2004).   
Another interesting observation made in the current study was that combining the 
lactobacilli species did not have additive effects on mitigating changes associated with 
grain fermentation. In fact, in most cases the combined treatment had little to no effect. 
Commercial probiotic formulations often contain multiple bacterial species which are 
believed to act synergistically to provide health benefits. However, these results indicate 
that targeted probiotic therapy may be a better strategy for mitigating grain-induced 
hindgut acidosis in horses.  
It is important to acknowledge that this study was conducted in vitro. To our 
knowledge, no study has been previously conducted to determine the effect of lactobacilli 
probiotics (most notably L. reuteri) on microbial changes associated with grain 
fermentation in horses or any other animal model. Therefore, future research is necessary 
to evaluate the probiotic potential of lactobacilli in the prevention and treatment of 
hindgut acidosis in horses.  
Conclusions 
 The results from the current in vitro study indicate that exogenous lactobacilli, 
most notably L. reuteri, can impact the microbial community composition and pH of 
cereal grain fermentations by equine hindgut microorganisms in vitro. These effects were 
independent of viability.  Additionally, the rate of starch disappearance with grain 
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fermentation is influenced by both starch source and L. reuteri addition. However, overall 
starch disappearance was unaffected by treatment. Addition of L. reuteri (regardless of 
viability) decreased the rate of starch degradation. This could allow for adaptation of the 
fecal microflora allowing for greater stability. This study provides a potential targeted 
treatment strategy for grain-induced hindgut acidosis in horses. Future research is needed 
to evaluate the effect of targeted probiotic therapies in vivo.  
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Chapter 7: Conclusions and Implications 
 Previous studies have demonstrated that adding a high-starch concentrate to a 
forage diet can alter the equine hindgut microbial community. The current study found 
that adding starch to the diet can alter the hindgut microbial community, but extended the 
existing knowledge to include differences between sources of starch (corn, oats, or 
wheat). At equal starch concentrations, starch source greatly influenced the fecal 
microbial ecosystem both in the succession and predominance of microflora, but also the 
magnitude of these changes. For example, corn promoted the growth of GPC while 
inhibiting the growth of lactobacilli and lactate-utilizing bacteria. In contrast, oats 
promoted the growth of lactobacilli and lactate-utilizing bacteria while inhibiting GPC. 
Both oats and corn promoted the growth of total amylolytic bacteria and inhibited 
cellulolytic bacteria, but the magnitude of these changes was much greater with corn 
fermentation (>10,000- and >1,000-fold more in corn, for amylolytic and cellulolytic 
enumerations).  Furthermore, the aforementioned results were consistent for both the in 
vitro and in vivo experiment.  
 There are two possible hypotheses that could explain the effect of starch source 
on microbial disturbance observed including a foregut digestion hypothesis and a hindgut 
fermentation hypothesis. The foregut digestion hypothesis presumes that differences in 
foregut enzymatic digestion between starch sources were responsible for the microbial 
differences observed. It is well documented that starch source can affect the extent of 
starch bypass to the hindgut, with corn being less susceptible to foregut digestion than 
oats and consequently resulting in greater hindgut pH decline (Radicke et al. 1991; Potter 
et al. 1992, de Fombelle et al. 2004; Rosenfeld and Austbo 2009).  Although this 
hypothesis could conceivably explain the results observed in the in vivo experiment it 
cannot explain the results from the in vitro experiment. The in vitro fecal cell suspension 
model employed, produced the same results as the in vivo model. However, the in vitro 
model did not account for host enzymatic digestion. This observation supports the 
hindgut fermentation hypothesis that the microbial differences observed could be 
attributed to direct effects of starch source on the microorganisms.  
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 Another important observation made in the aforementioned experiments was that 
lactobacilli and GPC did not account for 99.99% of the amylolytic bacteria enumerations 
with corn and wheat fermentations, but they were approximately equal in oat 
fermentations. Furthermore, the predominant amylolytic isolates in corn and wheat 
fermentations were Enterococcus faecalis while in oat fermentations a variety of 
predominant amylolytic bacteria were identified including Streptococcus bovis. These 
results are informational from both a methodological and ecological prospective. 
Methodologically, the E. faecalis isolates from corn and wheat fermentations were able to 
utilize esculin as a sole carbon source, but were not able to grow on bile esculin azide 
agar. Bile esculin azide agar is routinely utilized in equine studies for the selective 
enumeration of amylolytic bacteria (de Fombelle et al. 2001; Julliand et al. 2001; Bailey 
et al. 2003; Harlow et al. 2015). Therefore, our results suggest that a non-selective media 
type with starch as a sole substrate, like that used in the current study, may enhance 
detection of amylolytic bacteria from equine feces.  
 Ecologically, the current experiments are the first to our knowledge that identify 
E. faecalis as a predominant amylolytic bacterium in equine feces. Historically, S. bovis 
has been implicated as the major etiological agent in several carbohydrate-overload 
related conditions in horses because of its prevalence in carbohydrate-excess conditions 
and its ability to produce amines and proteinases (Bailey et al. 2004; Milinovich et al. 
2006). However, E. faecalis also has similar metabolic capabilities (producing both 
amines and proteinases) indicating that it could also play an important role in several 
starch-overload related health conditions in horses (Gardini et al. 2001).  
 E. faecalis also possesses several virulence factors and a broad spectrum of 
intrinsic and transferrable antibiotic resistance mechanisms (Klare et al. 2001). In the 
current in vivo study a commercially available CDSA medium was used for the selective 
enumeration of Clostridium difficile. However, the predominant isolates from these 
enumerations were identified by 16S sequence analysis as E. faecalis. This media type 
contains several antimicrobial selective agents including cycloserine and cefoxitin. 
Therefore, the current results suggest that the proliferation of the E. faecalis population 
observed with corn and wheat middling fermentation also allowed a sub-population of 
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antimicrobial resistant E. faecalis to proliferate (from un-detectable to >105 cfu g feces-1), 
without the administration of antimicrobials. Future research is needed to better delineate 
this phenomenon as it could be an important mechanism for the spread of antimicrobial 
resistance in animal systems.  
  Both the in vitro and in vivo experiment identified a negative correlation between 
lactobacilli and total amylolytic bacteria and lactobacilli and GPC, indicating a potential 
competition between these bacteria for starch. Pure culture experiments identified that 
both substrate source and allelopathy likely play an important role in amylolytic bacterial 
competition in the equine hindgut. E. faecalis EQ231 (isolate from in vivo experiment) 
was most effective at utilizing glucose and corn starch. This result is consistent with this 
bacterium being predominant in corn fermentations. In contrast, S. bovis EQ102 was 
most effective at utilizing soluble starch (potato). Potato starch is similar in total amylose 
content, surface area: volume ratio and amount of crystallinity to oat starch (Morrison et 
al. 1984; Buléon et al. 1998; Tester et al. 2006). Therefore, it is likely that S. bovis 
EQ102 would be more effective at utilizing oat starch than corn starch. These differences 
in substrate preference could be due to several different factors including variations in the 
specificity of bacterial amylases and substrate affinity (MacGregor 1988; Aguilar et al. 
2000; MacGregor et al. 2001). Future research is needed to investigate the role of these 
factors in bacterial substrate preference.  
 Lactobacillus reuteri (ATCC # 23272) did not have superior affinity for any 
complex substrate in comparison to E. faecalis EQ231 and S. bovis EQ102 isolates. 
Therefore, the question was what factor is allowing lactobacilli to outcompete other 
amylolytic bacteria for the starch substrate? The answer was allelopathy. All 3 isolates 
were demonstrated to have the ability to compete with each other via allelopathy. This is 
consistent with previous research (Iverson and Millis 1976; Wells et al. 1997; Xiao et al. 
2004; Moreno et al. 2006; Cleusix et al. 2007).  However, L. reuteri was most effective, 
and its antimicrobial had a bacteriocidal mechanism as opposed to the other bacteria 
whose antimicrobials exhibited a bacteriostatic mechanism.  
 In order to better elucidate the role of these factors on competition in the equine 
hindgut another in vitro experiment utilizing a fecal cell suspension model with added 
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exogenous lactobacilli (L. reuteri, L. acidophilus, L. buchneri, or Mixed) was conducted. 
Addition of L. reuteri, regardless of viability, was most effective at mitigating pH and 
microbial changes associated with corn, oat and wheat fermentation. Furthermore, there 
was no additive synergistic effect observed with the Mixed addition. In fact, in most 
cases the Mixed treatment had little to no observable effect. Commercial probiotic 
formulations often contain multiple species with claims of additive benefits. However, 
results from the current study suggest that targeted probiotic therapies may be a better 
strategy for mitigating grain-induced hindgut acidosis in horses.  
 Additionally, the rate of starch disappearance was influenced by both starch 
source and L. reuteri addition (regardless of viability). Corn had a faster rate of starch 
disappearance than oats, with wheat being intermediate. However, after 24 h of 
incubation all three substrates had similar total starch disappearance. Furthermore, the 
addition of L. reuteri also decreased the rate of starch degradation, but still maintained a 
similar total starch disappearance.  A slower rate of starch degradation could allow for 
greater adaptation of the microbial community and therefore, could explain the pH and 
microbial differences observed between starch sources. Furthermore, these results 
suggest that consequent substrate available for starch fermentation for energetic end-
product conversion to meet the horse’s requirements, may not be affected by starch 
source or L. reuteri addition, despite differences in fermentative rate. However, future 
research is needed to evaluate this phenomenon in vivo.  
 It is important to consider that all of the aforementioned effects of exogenous L. 
reuteri addition were independent of viability, supporting an allelopathic competition 
mechanism. To better elucidate the antimicrobial mechanism of action, energized E. 
faecalis EQ231 was co-incubated with dead L. reuteri cells or supernatant. In result, the 
supernatant depleted the intracellular K+ of E. faecalis in less than 10 min of exposure.  
This result demonstrates that the antimicrobial mechanism of action is membrane 
perturbation and that the antimicrobial is localized to the culture supernatant and 
therefore, is unlikely to be a bacteriocin. Future research is needed to isolate, identify and 
characterize the acting antimicrobial molecule as it could allow for greater insight into 
hindgut amylolytic competition.  
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 There are several questions that arise from the results of the aforementioned 
experiments. One such question is why do oats promote the growth of lactobacilli? One 
potential explanation of this observation could be a prebiotic effect of another component 
of the oat grain. For example, research in rats has suggested that oat β-glucans can have a 
prebiotic effect, promoting the growth of lactobacilli (Snart et al. 2005). Future research 
is needed to evaluate the effect of oat β-glucan on lactobacilli growth utilizing an equine 
model. Another possible explanation could be related to ecological niche theory. Niche 
theory presumes that competition for a resource will negatively impact one or more of the 
competing organisms. It is unlikely that substrate competition plays an important role in 
the competitive advantage of lactobacilli, as L. reuteri (native) in the current study did 
not appear to have a competitive advantage on any of the complex substrates tested.   
Instead, allelopathy may be an important mechanism by which lactobacilli (native) are 
able to compete with other amylolytic bacteria in the equine hindgut. Therefore, another 
hypothesis could be that in oat fermentations E. faecalis and other GPC are inhibited 
allowing lactobacilli the competitive advantage via allelopathy to out-compete other 
amylolytic bacteria and grow.  
Collectively, the aforementioned research has several implications both 
ecologically and in equine management. Gaining a better understanding of factors 
affecting proliferation and succession of amylolytic bacteria in the equine hindgut, could 
allow for greater insights into the pathogenesis of several detrimental starch-overload 
related health conditions (i.e., colic and laminitis). Historically, the pathogenesis of 
carbohydrate-overload and related conditions (i.e., laminitis) have solely centered on the 
proliferation of S. bovis. However, our results suggest that these pathogeneses may be 
much more complex and that E. faecalis may instead be the etiological agent depending 
on carbohydrate source. Therefore, the results from the current studies may suggest a new 
revised pathogenesis of starch-overload hindgut acidosis in horses (Figure 7.1).  
The current results could aid in the development of novel targeted 
treatment/prevention strategies for starch-overload related health conditions. By 
identifying the etiological agent of hindgut acidosis it is possible to select treatment 
strategies that selectively inhibit that organism. For example, an antibiotic utilized against 
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S. bovis may not be effective against E. faecalis. Furthermore, understanding how 
individual starch sources differentially impact the hindgut could allow for the 
development of specific starch-based concentrate formulations that allow for less equine 
microflora disturbance. Future research is needed to look at the effect of combining 
starch-sources on the normal equine hindgut microflora. Our results also suggest that a 
dead L. reuteri direct fed microbial could be used as a targeted treatment strategy for 
starch-overload related health conditions in horses. However, future research utilizing an 
in vivo model is necessary. 
It is important to note that the in vivo model utilized in the current experiment was 
intentionally designed to elicit minimal hindgut pH decline. In contrast, the in vitro 
experiment was conducted with a starch concentration eliciting maximal pH effects and 
therefore, it is likely that similar results would be observed with higher starch intakes in 
vivo. Despite these speculations, future research is needed to evaluate the effect of starch 
source in a clinical hindgut acidosis model.  
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Figure 7.1: Revised sequence of events associated with the induction of equine hindgut 
acidosis with corn.  
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Appendix A: Complete Horse Information, Blocking and Treatment Assignments 
 
 
 
 
 
 
 
 
 
 
 
Block #1 
(M; 7/12/13 - 8/9/13) 
Block #2 
(G; 8/9/13 – 9/6/13) 
Block #3 
(G; 8/30/13 – 9/27/13) 
Block #4 
(M; 9/28/13 – 10/25/13) 
Block #5 
(M; 11/2/13 – 11/29/13) 
Avg. 
Age 
 Name Breed Age (y) Name Breed 
Age 
(y) 
Name Breed 
Age 
(y) 
Name Breed 
Age 
(y) 
Name Breed 
Age 
(y) 
 
Control 
 
Run Nola 
Run 
TB 7 
Maestro 
Man 
TB 3 
Easy 
Pleasing 
SB 17 
Rancho 
Valencia 
TB 11 
Good 
Solution 
TB 17 11 
High Corn 
(2 g starch/kg BW) 
 
Sweet Star 
 
TB 4 
My Boy 
George 
TB/ 
PH 
6 
Townsend 
Lad 
TB 6 Tonosi TB 16 Quick Flite TB 8 8 
High Oats 
(2 g starch/kg BW) 
 
Super T 
 
TB 8 Moses TB 3 
Oliver 
Terrace 
TB 7 
Matty G 
Whiz 
TB 11 WSIF TB 7 7.2 
Low Corn 
(1 g starch/kg BW) 
Indian 
Wildfire 
TB 7 
Downtown 
Leroy 
TB 5 Private Nip TB 16 
Smart 
Balance 
TB 14 
 
Hosannah 
 
TB 18 12 
Low Oats 
(1 g starch/kg BW) 
Alyssa’s 
Honor 
TB 3 Eggs TB 3 
Kilo 
Wayne 
Venture 
 
QH 
17 Emerlaude TB 7 
Distinctive 
View 
TB 8 7.6 
Low Wheat 
(1 g starch/kg BW) 
Big 
Diggins 
TB 5 
See Paddy 
Run 
TB 3 
Friendly 
Fella 
TB 6 Dancin Emi TB 16 
 
Rima 
 
TB 18 9.6 
1
6
3
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Appendix B: Body Weights Raw Data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
High Corn – Body Weights (kg) 
Horse Block A -7 A -1 T 7 T 14 
Sweet Star 1 581.6 570.5 567.5 563.0 
My Boy George 2 588.0 580.5 591.0 590.5 
Townsend Lad 3 573.5 570.0 562.0 568.0 
Tonosi 4 620.0 605.0 593.5 611.0 
Quick Flite 5 592.5 606.5 599.0 589.0 
High Oats – Body Weights (kg) 
Horse Block A -7 A -1 T 7 T 14 
Super T 1 535.5 523.0 510.5 496.0 
Moses 2 619.0 604.5 592.5 590.5 
Oliver Terrace 3 573.5 575.0 570.5 580.0 
Matty G Whiz 4 597.0 593.0 585.5 - 
WSIF 5 607.0 617.0 616.5 623.0 
Low Corn – Body Weights (kg) 
Horse Block A -7 A -1 T 7 T 14 
Indian Wildfire 1 565.0 570.0 558.0 551.0 
Downtown Leroy 2 593.0 583.0 584.5 586.0 
Private Nip 3 623.0 617.5 613.0 620.0 
Smart Balance 4 587.0 580.0 566.5 576.5 
Hosannah 5 559.5 579.5 574.0 573.0 
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Low Wheat – Body Weights (kg) 
Horse Block A -7 A -1 T 7 T 14 
Big Diggins 1 634.0 609.5 598.0 596.0 
See Paddy Run 2 522.0 520.0 503.5 515.0 
Friendly Fella 3 506.5 510.0 512.0 518.0 
Dancin Emi 4 578.0 579.0 565.5 567.0 
Rima 5 529.0 551.0 535.5 535.0 
Low Oats – Body Weights (kg) 
Horse Block A -7 A -1 T 7 T 14 
Alyssa's Honor 1 570.5 565.5 548.0 544.5 
Eggs 2 449.0 451.0 432.5 445.0 
Kilo Wayne Venture 3 545.5 538.0 541.5 558.0 
Emerlaude 4 691.5 683.0 673.0 664.5 
Distinctive View 5 576.0 584.5 570.5 569.5 
Control – Body Weights (kg) 
Horse Block A -7 A -1 T 7 T 14 
Run Nola Run 1 566.5 556.0 540.4 530.5 
Maestro Man 2 514.0 511.0 496.0 502.0 
Easy Pleasing 3 498.0 499.0 486.0 492.0 
Rancho Valencia 4 559.5 553.0 548.5 546.0 
Good Solution 5 581.0 583.0 592.0 587.0 
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Appendix C: Total Feedstuff Analyses 
 
1 Dairy One, Ithaca, NY 
 
1 Dairy One, Ithaca, NY 
 
 
 
 
 
 
Long Stem Hay1 
Component 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Mean ± SD 
% DM 91.20 91.20 91.30 92.10 91.60 8.48 ± 0.44 
% CP 11.70 11.70 13.70 11.30 11.40 12.03 ± 1.13 
% ADF 29.80 29.80 33.50 34.60 33.30 32.80 ± 2.08 
% NDF 42.70 42.70 41.70 48.50 46.50 44.85 ± 3.19 
% Starch 3.00 3.00 0.40 1.60 1.00 1.50 ± 1.11 
% WSC 9.90 9.90 9.30 11.70 9.80 10.18 ± 1.05 
% ESC 7.80 7.80 5.60 8.60 6.30 7.08 ± 1.37 
% Resistant Starch 19.35 25.00 18.84 23.73 20.97 21.58 ± 0.03 
% Ca 0.98 0.98 1.06 0.75 0.75 0.89 ± 0.16 
% P 0.25 0.25 0.23 0.23 0.23 0.24 ± 0.01 
DE, Mcal/kg 2.06 2.06 0.92 1.95 0.89 1.46 ± 0.64 
Whole Oats1 
Component 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Mean ± SD 
% DM 89.30 89.30 92.90 89.70 82.30 88.55 ± 4.47 
% CP 11.60 11.60 12.30 11.30 11.40 11.65 ± 0.45 
% ADF 11.80 11.80 8.10 14.60 7.80 10.58 ± 3.24 
% NDF 25.50 25.50 20.10 31.50 17.50 23.65 ± 6.20 
% Starch 42.00 42.00 45.90 33.70 49.40 42.75 ± 6.75 
% WSC 1.90 1.90 2.20 3.50 2.10 2.43 ± 0.73 
% ESC 1.80 1.80 4.00 2.60 1.70 2.53 ± 1.06 
% Resistant Starch 0.26 0.26 0.25 0.23 0.25 0.25 ± 0.00 
% Ca 0.07 0.07 0.06 0.09 0.09 0.08 ± 0.02 
% P 0.52 0.52 0.48 0.41 0.41 0.46 ± 0.05 
DE, Mcal/kg 2.92 2.92 1.47 2.77 1.49 2.16 ± 0.79 
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1 Dairy One, Ithaca, NY 
 
1 Dairy One, Ithaca, NY 
 
 
 
 
 
 
Cracked Corn1 
Component 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Mean ± SD 
% DM 87.00 87.00 91.50 88.40 87.10 88.50 ± 2.10 
% CP 8.80 8.80 9.50 9.10 8.80 9.05 ± 0.33 
% ADF 4.20 4.20 7.30 3.40 3.20 4.53 ± 1.90 
% NDF 8.60 8.60 12.60 7.10 6.80 8.78 ± 2.67 
% Starch 62.60 62.60 53.50 58.30 60.30 58.68 ± 3.87 
% WSC 2.20 2.20 2.30 3.10 1.70 2.33 ± 0.58 
% ESC 1.70 1.70 3.80 2.10 1.40 2.25 ± 1.37 
% Resistant Starch 1.24 1.42 1.15 1.06 1.28 1.23 ± 0.001 
% Ca 0.01 0.01 0.02 0.01 0.01 0.01 ± 0.005 
% P 0.27 0.27 0.34 0.27 0.27 0.29 ± 0.04 
DE, Mcal/kg 3.34 3.34 1.55 3.44 1.54 2.47 ± 1.07 
Pelleted Wheat Middlings1 
Component 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Mean ± SD 
% DM 90.00 90.00 93.20 91.80 90.70 91.43 ± 1.40 
% CP 15.90 15.90 17.10 16.90 16.60 16.63 ± 0.53 
% ADF 11.90 11.90 13.30 12.80 11.60 12.40 ± 0.79 
% NDF 32.90 32.90 36.40 34.40 33.00 34.18 ± 1.63 
% Starch 24.50 24.50 17.50 19.60 23.00 21.15 ± 3.18 
% WSC 4.90 4.90 6.20 6.60 6.30 6.00 ± 0.75 
% ESC 4.20 4.20 6.10 5.20 4.10 4.90 ± 0.94 
% Resistant Starch 1.14 1.23 1.36 1.10 1.32 1.23 ± 0.001 
% Ca 0.12 0.12 0.12 0.13 0.13 0.125 ± 0.01 
% P 1.02 1.02 1.09 1.00 1.00 1.03 ± 0.04 
DE, Mcal/kg 2.64 2.64 1.21 2.63 1.2 1.92 ± 0.83 
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Appendix D: Medium Additions 
 
Mineral Solution #1 
(1 Liter of Solution) 
Dissolve in 1 L of double distilled H2O 
 7.3 g K2HPO4 * 3H2O OR 6.0 g K2HPO4 
**Ready for Use** 
 
Mineral Solution #2 
(1 Liter of Solution) 
Dissolve in 1 L of double distilled H2O  
 6.0 g KH2PO4 
 12.0 g (NH4)2SO4 
 12.0 g NaCl 
 2.5 g MgSO4 * 7H2O 
 1.6 g CaCl2 * 2H2O 
*Add one at a time or will not go in solution* 
**Ready for Use** 
 
Volatile Fatty Acid Solution 
(1 Liter of Solution) 
 7.15 mol L-1 acetic acid 
 1.92 mol L-1 propionic acid 
 783.66 mmol L-1 butyric acid 
 222.28 mmol L-1 valeric acid 
 216.19 mmol L-1 isovaleric acid 
 264.13 mmol L-1 isobutyric acid 
 227.87 mmol L-1 2-methylbutyric acid 
Adjust to 1 L with double distilled H2O 
**Ready for Use** 
 
Trace Elements Solution 
(1 Liter of Solution) 
 500 mg Na4 EDTA 
 200 mg FeSO4 * 7 H20 
 10 mg ZnSO4 * 7 H20 
 200 mg MnCl2 * 4 H20 
 20 mg H3BO3 
 20 mg CoCl2 * 6 H20 
 1 mg CuCl2 * 2 H20 
 2 mg NiCl2 * 6 H20 
 3 mg Na2MoO4 * 2 H20 
Add to 1 L double distilled H2O, agitate to dissolve 
*The sulfide with precipitate many of the metals* 
**Ready for Use** 
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Vitamin Solution 
(1.5 Liters of Solution) 
 150 mg Pyridoxamine 2 HCl 
 300 mg Riboflavin 
 300 mg Thiamine HCl 
 300 mg Nicotinamide 
 300 mg CaD Pantothenate 
 150 mg Liopoic Acid (Thioctic) 
 15 mg p-Aminobenzoic Acid 
 7.5 mg Folic Acid 
 7.5 mg Biotin 
 7.5 mg Cobalamine (B12) 
 150 mg Pyridoxal HCl 
 150 mg Pyridoxine 
Add to 1.5 L 0.1 M K2HPO4 or 0.1 M KH2PO4 at pH 6.0 
**Ready for Use** 
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Appendix E: Phosphate Buffered Saline (PBS)   
(1 Liter of 1x PBS) 
1. Start with 800 mL of double distilled H2O 
2. Add 8 g of NaCl 
3. Add .2 g of KCl 
4. Add 1.44 g of Na2HPO4 
5. Add .24 g of KH2PO4 
6. Add double distilled H2O until a total volume of 1 L 
7. Adjust pH to 7.4 with HCl 
8. Autoclave 20 minutes at 121˚C Liquid Cycle 
9. Remove from autoclave at 90˚C and immediately place under N2 gas 
10. Allow to cool until room temperature  
11. Dispense into tubes 9 mL per Hungate tube while gasing with N2 
12. Autoclave tubes 20 min at 121˚C 
**Ready for Use** 
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Appendix F: Total Amylolytic Bacteria Medium 
(1 Liter) 
1. Start with 800 mL of double distilled H2O 
2. Add 40 mL of Mineral Solution #1 
3. Add 40 mL of Mineral Solution #2 
4. Add 600 mg of Cysteine Hydrochloride 
5. Add 500 mg of Yeast Extract 
6. Add 1.0 g of Trypticase 
7. Add 10 g of Soluble Starch 
8. Add double distilled H2O until a total volume of 1 L 
9. Heat with frequent agitation and boil for 1 min to completely dissolve the 
soluble starch 
10. Cool to room temperature 
11. Adjust pH to 6.5 with NaOH 
12. Autoclave 20 minutes at 121˚C Liquid Cycle 
13. Remove from autoclave at 90˚C and immediately place under CO2 gas 
14. Allow to cool until room temperature  
15. Add 4 g Na2CO3  
16. Dispense into tubes 9 mL per Hungate tube under a CO2 atmosphere 
17. Autoclave tubes 20 minutes at 121˚C Liquid Cycle 
**Ready for Use** 
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Appendix G: Bile-Esculin-Azide Agar for the Enumeration of Group D Gram-
positive Cocci  
Enterococcosel Agar (BD) 
(1 Liter) 
1. Suspend 56 grams of Enterococcosel powder in 1 Liter of double deionized 
water 
2. Heat with frequent agitation and boil for 1 minute to completely dissolve the 
powder 
3. Autoclave 20 minutes at 121˚C Liquid Cycle 
4. Wait until cools to touch and pour plates  
**Ready for Use** 
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Appendix H: Rogosa SL Agar for the Enumeration of Lactobacilli  
Rogosa SL Agar (BD) 
(1 Liter) 
1. Suspend 75 grams Rogosa powder in 1 Liter of double deionized water 
2. Heat with frequent agitation and boil for 1 minute to completely dissolve the 
powder 
3. Add 1.32 mL of glacial acetic acid. Mix well, and boil for 2-3 minutes 
4. DO NOT Autoclave 
5. Wait until cools to touch and pour plates 
**Ready for Use** 
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Appendix I: Total Lactate-Utilizing Bacteria Medium 
(1 Liter) 
1. Start with 800 mL of double distilled H2O 
2. Add 60 mL of Mineral Solution #1 
3. Add 60 mL of Mineral Solution #2 
4. Add 100 mg of Cysteine Hydrochloride 
5. Add 200 mg of Yeast Extract 
6. Add 20 g of Trypticase 
7. Add 7.67 µmol L-1 Hemin 
8. Add 15 g Agarose 
9. Add 220 mmol L-1 Lactic Acid 
10. Add 10 mL Trace Elements Solution 
11. Add 10 mL Vitamins Solution 
12. Add 10 mL VFA Solution 
13. Add double distilled H2O until a total volume of 1 L 
14. Adjust pH to 6.8 with NaOH 
15. Autoclave 20 minutes at 121˚C Liquid Cycle 
16. Remove from autoclave at 90˚C and immediately place under CO2 gas 
17. Allow to cool until cool to the touch 
18. Add 4 g Na2CO3  
19. Pour agar plates under CO2 atmosphere 
20. Allow plates to cool to room temperature and for the agar to solidify 
*Plates must be stored until use under CO2 atmosphere* 
**Ready for Use** 
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Appendix J: Total Cellulolytic Bacteria Defined Medium (PC + VFA + PAA) 
(1 Liter) 
1. Start with 800 mL of double distilled H2O 
2. Add 40 mL of Mineral Solution #1 
3. Add 40 mL of Mineral Solution #2 
4. Add 600 mg of Cysteine Hydrochloride 
5. Add 500 mg of Yeast Extract 
6. Add 1 g of Trypticase 
7. Add 1 mg Phenylacetate 
8. Add 3.1 mL VFA Solution 
9. Add double distilled H2O until a total volume of 1 L 
10. Adjust pH to 6.5 with NaOH 
11. Autoclave 20 minutes at 121˚C Liquid Cycle 
12. Remove from autoclave at 90˚C and immediately place under CO2 gas 
13. Allow to cool until cool to the touch 
14. Add 4 g Na2CO3  
15. Dispense into tubes 9 mL per Hungate tube under a CO2 atmosphere 
16. Autoclave tubes 20 minutes at 121˚C Liquid Cycle 
**Ready for Use** 
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Appendix K: Sulfite Polymyxin Sulfadiazine (SPS) Agar for the Enumeration of 
Clostridium perfringens (BD) 
SPS Agar (BD) 
(1 Liter) 
1. Suspend 41 grams of SPS powder in 1 L of double deionized water. 
2. Heat with frequent agitation and boil for 1 min to completely dissolve the powder 
3. Autoclave 20 minutes at 121˚C Liquid Cycle 
4. Wait until cools to touch and pour plates.  
**Ready for Use** 
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Appendix L: Reinforced Clostridial Medium for the Cultivation of Clostridia (BD) 
RCM Agar (BD) 
(1 Liter) 
1. Suspend 38 grams of SPS powder in 1 L of double deionized water. 
2. Heat with frequent agitation and boil for 1 min to completely dissolve the powder 
3. Autoclave 20 minutes at 121˚C Liquid Cycle 
4. Remove from autoclave at 90˚C and immediately place under N2 gas 
5. Allow to cool until cool to the touch 
6. Dispense into tubes 9 mL per Hungate tube under a N2 atmosphere 
7. Autoclave tubes 20 minutes at 121˚C Liquid Cycle 
**Ready for Use** 
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Appendix M: Alkaline Lysis for Gram-positive DNA Extraction, Ethanol 
Precipitation Protocol 
 
Solution #1 
(100 mL) 
Addition  Amount   
2M Glucose  2.5 mL 
1M Tris pH 8  2.5 mL 
0.5 M EDTA  2.0 mL  
Sterile ddH2O  93 mL 
 
Solution #2 
(10 mL) 
Addition  Amount 
10% SDS  1 mL 
10 M NaOH  200 µL 
Sterile ddH2O  8.8 mL 
 
Solution #3 
(50 mL) 
Addition  Amount 
5 M KoAc  30 mL 
Glacial Acetic Acid 5.75 mL 
Sterile ddH2O  28.5 mL 
 
Procedure 
1. Use 1.5 or 2 mL tubes throughout the procedure  
2. Take 1.5 mL of bacterial lysis and spin at full speed in centrifuge for 1 min 
3. Aspirate off media 
4. Add about 150 µL of Solution #1 
5. Add 3 µL RNase and 1 mg lysozyme and 4 µL achromopeptidase 
6. Vortex 
7. Incubate at 37 °C for 2 h 
8. Add 250 µL of Solution #2 
9. Add 25 µL proteinase K 
10. Do NOT vortex, mix by inversion only 
11. Incubate at 37 °C for 1 h 
12. Add 210 µL of Solution #3 
13. Mix by inversion 
14. Spin full speed, 5 min at 4 °C or room temperature 
15. Remove supernatant and place in clean tube, can discard pellet 
16. Add 2x volume of ethanol (typically recover 500 µL so add 1 mL) 
17. Vortex and let sit at room temperature for 2 min 
18. Spin for 5 min full speed 4 °C or room temperature 
19. Remove EtOH by aspiration 
20. Air dry 
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*Don’t over dry* 
21. Reconstitute with 50 µL -100 µL of double deionized water 
22. Continue on with EtOH precipitation 
 
Ethanol Precipitation Procedure 
1. Use 10 M Ammonium acetate 
2. Dilute sample with 10 µL of ammonium acetate; if diluted sample originally with 
50 mL then use 5 µL  of ammonium acetate 
3. Vortex 
4. Add 2x volume of EtOH (110 µL EtOH: 50 µL sample + 5 µL ammonium 
acetate) 
5. Vortex 
6. Let sit at -20 °C for a minimum of 30 min (can sit overnight) 
7. Spin 4 °C (or room temperature) 5 min – 10 min 
8. Remove supernatant 
9. Aspirate supernatant off completely 
*Pellet sticks fairly tight to side* 
10. Reconstitute with 50 µL of sterile double deionized H2O 
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Appendix N: PCR Bead Protocol 
 
*Wear gloves* 
 
Primer Solutions 
1. Make working primer solutions from original primer stock solution. 
a. Thaw original primer stock solutions (907 R and 341 F-GC; 5’-
AGAGTTTGATCCTGGCTCAG, 3’ – 
ACGGCTACCTTGTTACGACTT).  
b. Mix each stock solution. 
907 R: Mix 45 uL sterile double distilled water and 5 uL of the original 
907 R primer stock solution. 
341 F-GC: Mix 45 uL sterile double distilled water and 5 uL of the 
original 341 F-GC primer stock solution.  
2. Make 1:5 dilution of the working solutions for use in the PCR procedure 
a. Thaw working primer solutions (907 R and 341 F-GC).  
b. Mix each stock solution. 
907 R: Mix 40 uL sterile double distilled water with 10 uL of the 907 R 
working primer solution.  
341 F-GC: Mix 40 uL sterile double distilled water with 10 uL of the 341 
F-GC working primer solution. 
 
PCR Protocol 
 Before starting make sure the Thermocycler is available 
 Add solutions directly on side of tube to avoid touching the bead with any 
liquids before adding water 
 In between additions, place caps back on tubes to avoid environmental 
contamination  
 
1. Add 1 uL of DNA and 1 uL of each primer (907 R and 341 F-GC) to each 
tube prior to adding 22 uL of sterile double distilled water  
2. Cap the tubes and gently mix by flicking tubes with finger 
3. Centrifuge tubes to make sure all liquid is off sides of tubes and pellet is fully 
dissolved 
4. Place tubes in thermocycler, close lid and select “rDNA” program 
Thermocycler Protocol 
Program called “rDNA” 
94ºC – 5 minutes 
 
94ºC – 30 seconds 
55ºC – 1 minute 
72ºC – 1 minute 
35x 
72ºC – 7 minutes 
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Appendix O: Running PCR Products on an Agarose Gel Protocol   
 PCR Gel Electrophoresis Protocol 
*Wear gloves*. 
1. Prepare gel box:  
a. Place grey tray in white gel box, insert appropriate comb 
i. Small gels (~2” square) 25 mL of agarose 
ii. Large gels (~4”) 50 mL of agarose 
iii. X-Large gels (96 well) 100 mL of agarose 
2. Prepare agarose: 
a. For 50 mL of agarose: 
i. Weigh out ~0.5 g of agarose into a 250 mL Erlenmeyer flask 
ii. Add 50 mL 1x TAE. Swirl vigorously 
iii. Place in microwave for 30 sec. Swirl. Cook another 30 sec. Swirl. 
Cook for additional time until agarose is dissolved. 
*Erlenmeyer will be extremely hot! Use hot pads for handling* 
iv. Add 0.75 uL of EtBr. Swirl to mix  
v. Let flask cool to touch (1-2 min)  
3. Pour agarose into gel box and allow to solidify for 45 min 
4. Once solid gently remove the comb, lift gel out using the grey tray and place in 1x 
TAE buffer solution in gel runner. Make sure there is enough 1x TAE to cover the 
gel wells.  
5. Load Samples: 
a. Mix 2 uL of loading dye with 3 uL of PCR product on a piece of parafilm  
b. Load sample/dye into well 
6. Load Ladder (6 uL) into first or last well on gel 
7. Place lid on gel runner. 
8. Turn voltage on to 100V 
a. Run small gels (single row of lanes) for 40 min 
b. Run 96 well gels (multiple rows of lanes) for 10-15 min 
9. After the gel has run the appropriate time, shut off voltage and remove lid 
10. Remove gel from 1x TAE buffer by lifting the grey tray 
11. Imaging Gel: 
a. Wipe down the surface of the photobox with double distilled water and 
paper towels 
b. Transfer gel from grey tray to clean surface of photobox.  Press gently to 
remove bubbles. 
c. Open the Kodak program from the Start Up menu 
d. Click the “Capture” button at the top left of the window; a small window 
will open 
e. Set the exposure length 
f. Make sure the UV light is on 
g. Select “Capture” to begin capturing image  
*Will need to take multiple photos the get the gel centered and in focus. Zoom and focus 
can be adjusted by means of the camera lens.*   
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Appendix P: ANKOM Gas Production Procedure 
 
24 h Before 
 Make anaerobic carbonate-buffered cell suspension media (~ 6 L) and allow to cool 
under CO2 on bench over night  
 Autoclave incubation bottles 
 Charge batteries 
 Run software over night with one vessel to ensure no issues with connectivity 
 Weigh out desired substrates 
 
Morning Of 
1. Set up blender with gassing jet 
2. Ensure that proper rotor is placed in Sorvall centrifuge and that the chamber is at 
room temperature 
 
Inoculum Collection: 
1. Fresh fecal sample collected immediately post-defecation and placed in a plastic bag  
*Avoid ground contamination* 
2. Purge bag of O2 with CO2  
3. Place in pre-warmed container (styrofoam cooler with water bags, 37 °C) 
4. Transport to laboratory (within 30 min, record transport time) 
 
Inoculum Arrives: 
1. Add 450 g of feces to 450 mL of cell suspension medium 
2. Fecal/medium mixture added to blender under appropriate gas (CO2 – carbonate 
buffered; N2 – nitrogen buffered) 
3. Add 300 mL of cell suspension medium 
4. Blend for ~3 min or until mixture is homogenous 
5. Strain fecal-medium into centrifuge bottles using cheesecloth  
*Remove large plant particles* 
6. Balance bottles for centrifugation 
7. Centrifuge homogenate at 341.6 x g, 5 min, room temperature  
*Remove small plant particles and protists* 
8. Transfer supernatants to centrifuge bottles and discard pellets 
9. Balance bottles for centrifugation 
10. Centrifuge supernatant at 25,654.3 x g, 5 min, room temperature  
*Collect prokaryotes* 
11. Discard supernatants  
12. Wash pellets by re-suspension in anaerobic cell suspension medium (100 mL, 
agitation with glass stir rod) 
13. Balance bottles for centrifugation 
14. Centrifuge supernatant at 25,654.3 x g, 10 min, room temperature  
*Collect prokaryotes* 
15. Discard supernatants 
16. Re-suspend pellets in anaerobic cell suspension medium (100 mL, agitation with 
glass stir rod) 
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17. Pool suspensions into gas-sparged glass vessel (2 L with Hungate port)  
*Make sure to use appropriate gas* 
18. Check OD600 of suspension 
19. Adjust OD600 to ~ 15 by diluting with anaerobic cell suspension medium 
20. Transport suspension into anaerobic glove box 
21. Aliquot suspension into sterile gas production bottles containing desired substrate 
*135 mL/bottle* 
22. Attach module to each vessel and transport out of the glovebox 
23. Add working battery to each module 
24. Pull up program entitled “ANKOM gas pressure monitor” on computer. Double 
check that all batteries are green and are detected by the computer for modules in use. 
Set the global release time to 5 and press record.  
25. Incubate for 72 h in the 37 °C aerobic incubator 
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Appendix Q: Feed Refusals 
High Corn – Refused Long Stem Hay (%) 
Day Block #1 Block #2 Block #3 Block #4 Block #5 Avg. SE 
-2 0 0 0 0 0 0 0 
-1 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 
2 0 0 0 0 0.7 0.14 0.14 
3 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 
5 0 0.2 0 0 0 0.04 0.04 
6 0 0 1.2 0 0 0.24 0.24 
7 0 0 0 0 1.1 0.22 0.22 
8 0 0 0 0 0 0 0 
9 0 0.8 2.2 0 0 0.6 0.43 
10 0 0 0.8 0 0 0.16 0.16 
11 0 0 0 0 0 0 0 
12 0.9 0 0 0 0 0.18 0.18 
13 0 0 0.8 0 0 0.16 0.16 
14 0 0 0.6 0 0 0.12 0.12 
 
High Oats – Refused Long Stem Hay (%) 
Day Block #1 Block #2 Block #3 Block #4 Block #5 Avg. SE 
-2 0 0 0 0 0 0 0 
-1 0 0.2 0 0 0 0.04 0.04 
1 0 0 0 0 0 0 0 
2 0 0.3 0 0 0 0.06 0.06 
3 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 
5 1.2 0 0 0.2 0 0.28 0.23 
6 0 0.3 0 0 0 0.06 0.06 
7 0 0 0 0 0 0 0 
8 0 0 0 - 0 0 0 
9 0 0.4 0 - 0 0.08 0.43 
10 0 0.4 0 - 0 0.08 0.08 
11 0.4 0.4 0 - 0.4 0.24 0.10 
12 0 0.4 0 - 0 0.08 0.08 
13 0 0.2 0 - 0 0.04 0.04 
14 0 0.6 0 - 0 0.12 0.12 
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Low Corn – Refused Long Stem Hay (%) 
Day Block #1 Block #2 Block #3 Block #4 Block #5 Avg. SE 
-2 0 0 0.2 0 0 0.04 0.04 
-1 0 0.2 0.3 0 0 0.1 0.06 
1 0 0.8 0 0 0 0.16 0.16 
2 0 0 0 0 0 0 0 
3 0 0 1.2 0 0 0.24 0.24 
4 0 0 0 0 0 0 0 
5 0 0 0 0 0.3 0.06 0.06 
6 0.2 0 0 0 0 0.04 0.04 
7 0 0 1.1 0 0 0.22 0.22 
8 0 0.6 0 0 1.2 0.36 0.24 
9 0 0 0 0 0 0 0.43 
10 0 0 0 0 0 0 0 
11 0.4 0 0 0 1.1 0.3 0.21 
12 0 0 0.7 0 0 0.14 0.14 
13 0 0 0 0 0 0 0 
14 0 0 0.8 0 0 0.16 0.16 
 
Low Oats – Refused Long Stem Hay (%) 
Day Block #1 Block #2 Block #3 Block #4 Block #5 Avg. SE 
-2 0 0 0 0 0 0 0 
-1 0 0 0 0 0 0 0 
1 0 0.6 0 0 0 0.12 0.12 
2 0 1.0 0 0 0 0.2 0.20 
3 0 0 0 0 0 0 0 
4 0.7 0 0 0 0 0.14 0.14 
5 0 0 0 0 0 0 0 
6 0 0 0 0 0 0 0 
7 0 0 0 0 0 0 0 
8 0 1.1 0 0 0 0.22 0.22 
9 0 0 0.4 0 0 0.08 0.43 
10 0 0 0 0 0 0 0 
11 0 0 0 0 0 0 0 
12 0 0 0 0 0 0 0 
13 0 0 0.3 0 0 0.06 0.06 
14 0 0 0 0 0 0 0 
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Low Wheat Middlings – Refused Long Stem Hay (%) 
Day Block #1 Block #2 Block #3 Block #4 Block #5 Avg. SE 
-2 0 0 0 0 0 0 0 
-1 0 0 0 0 0 0 0 
1 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 
4 0 0 0.5 0 0 0.1 0.10 
5 0 0 0 0 0 0 0 
6 0.4 0.6 0 0 0 0.2 0.13 
7 0 0.7 0 0 0 0.14 0.14 
8 0 0 0 0 0 0 0 
9 0 0 0 0 0 0 0.43 
10 0 0.4 0 0 0 0.08 0.08 
11 0 1.2 0 0 0 0.24 0.24 
12 0.7 0 0 0 0 0.14 0.14 
13 0 0 0 0 0 0 0 
14 0 0 0 0 0 0 0 
 
Control – Refused Long Stem Hay (%) 
Day Block #1 Block #2 Block #3 Block #4 Block #5 Avg. SE 
-2 0 0 1.5 0 0 0.3 0.30 
-1 0 0 1.3 0 0 0.26 0.26 
1 0 0 1.3 0 0 0.26 0.26 
2 0 0 1.0 0 0.4 0.28 0.20 
3 0 0 0.7 0 0 0.14 0.14 
4 0 0.4 1.5 0 0 0.38 0.29 
5 0 0 0.6 0 0.5 0.22 0.14 
6 0.2 0 1.2 0 0 0.28 0.23 
7 0 0.2 1.6 0 0 0.36 0.31 
8 0 0 0.2 0 0 0.04 0.04 
9 0.6 0 0.3 0 0.3 0.24 0.43 
10 0.5 0 0.3 0 0 0.16 0.10 
11 0 0.6 0 0 0 0.12 0.12 
12 0 0 1.1 0 0 0.22 0.22 
13 0 0 1.1 0 0.7 0.36 0.23 
14 0 0 0 0 0 0 0 
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High Corn – Refused Corn (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 0 0 0 0 0 0 0 
-1 0 0 0 0 0 0 0 0 
1 0.5 75 0 0 0 0 15 15 
2 0.5 23 0 0 0 0 4.6 4.6 
3 0.5 5 0 0 0 0 1 1 
4 1.0 0 0 0 0 0 0 0 
5 1.0 0 0 0 0 0 0 0 
6 1.0 0 0 0 0 0 0 0 
7 1.0 0 0 0 0 0 0 0 
8 1.5 0 0 0 0 0 0 0 
9 1.5 0 0 0 0 0 0 0 
10 1.5 0 0 0 0 0 0 0 
11 2.0 0 0 0 0 0 0 0 
12 2.0 0 0 0 0 0 0 0 
13 2.0 0 0 0 0 0 0 0 
14 2.0 0 0 0 0 0 0 0 
 
High Oats – Refused Oats (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 0 0 0 0 0 0 n/a 
-1 0 0 0 0 0 0 0 n/a 
1 0.5 0 0 0 0 0 0 n/a 
2 0.5 0 0 0 0 0 0 n/a 
3 0.5 0 0 0 0 0 0 n/a 
4 1.0 0 0 0 0 0 0 n/a 
5 1.0 0 0 0 0 0 0 n/a 
6 1.0 0 0 0 0 0 0 n/a 
7 1.0 0 0 0 0 0 0 n/a 
8 1.5 0 0 0 - 0 0 n/a 
9 1.5 0 0 0 - 0 0 n/a 
10 1.5 0 0 0 - 0 0 n/a 
11 2.0 0 0 0 - 0 0 n/a 
12 2.0 0 0 0 - 0 0 n/a 
13 2.0 0 0 0 - 0 0 n/a 
14 2.0 0 0 0 - 0 0 n/a 
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Low Corn – Refused Corn (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 0 0 0 0 0 0 n/a 
-1 0 0 0 0 0 0 0 n/a 
1 0.25 0 0 0 0 0 0 n/a 
2 0.25 0 0 0 0 0 0 n/a 
3 0.25 0 0 0 0 0 0 n/a 
4 0.5 0 0 0 0 0 0 n/a 
5 0.5 0 0 0 0 0 0 n/a 
6 0.5 0 0 0 0 0 0 n/a 
7 0.5 0 0 0 0 0 0 n/a 
8 0.75 0 0 0 0 0 0 n/a 
9 0.75 0 0 0 0 0 0 n/a 
10 0.75 0 0 0 0 0 0 n/a 
11 1.0 0 0 0 0 0 0 n/a 
12 1.0 0 0 0 0 0 0 n/a 
13 1.0 0 0 0 0 0 0 n/a 
14 1.0 0 0 0 0 0 0 n/a 
 
Low Oats – Refused Oats (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 0 0 0 0 0 0 n/a 
-1 0 0 0 0 0 0 0 n/a 
1 0.25 0 0 0 0 0 0 n/a 
2 0.25 0 0 0 0 0 0 n/a 
3 0.25 0 0 0 0 0 0 n/a 
4 0.5 0 0 0 0 0 0 n/a 
5 0.5 0 0 0 0 0 0 n/a 
6 0.5 0 0 0 0 0 0 n/a 
7 0.5 0 0 0 0 0 0 n/a 
8 0.75 0 0 0 0 0 0 n/a 
9 0.75 0 0 0 0 0 0 n/a 
10 0.75 0 0 0 0 0 0 n/a 
11 1.0 0 0 0 0 0 0 n/a 
12 1.0 0 0 0 0 0 0 n/a 
13 1.0 0 0 0 0 0 0 n/a 
14 1.0 0 0 0 0 0 0 n/a 
 
 
 
 
 
 
  
 
189 
 
Low Wheat Middlings – Refused Wheat Middlings (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 0 0 0 0 0 0 n/a 
-1 0 0 0 0 0 0 0 n/a 
1 0.25 0 0 0 0 0 0 n/a 
2 0.25 0 0 0 0 0 0 n/a 
3 0.25 0 0 0 0 0 0 n/a 
4 0.5 0 0 0 0 0 0 n/a 
5 0.5 0 0 0 0 0 0 n/a 
6 0.5 0 0 0 0 0 0 n/a 
7 0.5 0 0 0 0 0 0 n/a 
8 0.75 0 0 0 0 0 0 n/a 
9 0.75 0 0 0 0 0 0 n/a 
10 0.75 0 0 0 0 0 0 n/a 
11 1.0 0 0 0 0 0 0 n/a 
12 1.0 0 0 0 0 0 0 n/a 
13 1.0 0 0 0 0 0 0 n/a 
14 1.0 0 0 0 0 0 0 n/a 
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Appendix R: Fecal pH Raw Data 
High Corn – Fecal pH 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 7.66 7.8 7.56 7.84 8.02 7.78 0.08 
-1 0 7.68 7.15 7.89 7.92 8.01 7.73 0.15 
1 0.5 7.53 6.54 6.87 6.87 7.01 6.96 0.16 
2 0.5 7.49 7.58 6.98 6.98 6.97 7.20 0.14 
3 0.5 7.49 7.69 7.64 7.45 7.32 7.52 0.07 
4 1.0 7.1 6.88 6.78 6.85 6.79 6.88 0.06 
5 1.0 7.04 6.64 7.03 6.76 6.78 6.85 0.08 
6 1.0 6.54 6.98 7.08 6.52 6.89 6.80 0.12 
7 1.0 6.56 6.43 7.11 6.58 6.67 6.67 0.12 
8 1.5 6.91 6.84 6.87 6.76 6.89 6.85 0.03 
9 1.5 7.06 6.64 6.67 6.76 6.88 6.80 0.08 
10 1.5 7.02 7.09 6.92 6.96 7.04 7.01 0.03 
11 2.0 7.06 7.03 6.84 6.86 6.98 6.95 0.04 
12 2.0 7.21 7.02 7.03 6.98 6.99 7.05 0.04 
13 2.0 7.23 7.21 7.04 6.88 7.06 7.08 0.06 
14 2.0 7.07 7.04 7.03 6.96 7.09 7.04 0.02 
 
High Oat – Fecal pH 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 7.88 7.83 7.35 7.91 7.98 7.79 0.11 
-1 0 7.89 7.18 7.56 8.02 7.99 7.73 0.16 
1 0.5 7.91 7.05 7.59 7.89 7.85 7.66 0.16 
2 0.5 7.52 7.07 7.52 7.45 7.65 7.44 0.10 
3 0.5 7.35 7.17 7.76 7.46 7.52 7.45 0.10 
4 1.0 7.18 7.51 7.89 7.67 7.77 7.60 0.12 
5 1.0 7.19 7.11 7.89 7.68 7.77 7.53 0.16 
6 1.0 7.21 7.76 7.88 7.98 7.96 7.76 0.14 
7 1.0 7.22 7.99 7.80 7.90 8.01 7.78 0.15 
8 1.5 7.01 7.98 7.86 - 7.99 7.71 0.21 
9 1.5 7.24 7.89 7.68 - 7.98 7.70 0.15 
10 1.5 7.71 7.81 7.78 - 7.98 7.82 0.05 
11 2.0 7.8 7.98 7.87 - 7.75 7.85 0.04 
12 2.0 7.79 7.89 8.18 - 7.88 7.94 0.08 
13 2.0 7.98 7.51 8.4 - 7.98 7.97 0.16 
14 2.0 7.72 7.42 8.45 - 8.02 7.90 0.20 
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Low Corn – Fecal pH 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 7.89 7.91 7.28 7.96 8.07 7.82 0.14 
-1 0 7.90 7.32 7.42 7.99 8.12 7.75 0.16 
1 0.25 8.10 7.99 7.20 8.01 8.01 7.86 0.17 
2 0.25 7.61 7.82 7.18 7.82 7.89 7.66 0.13 
3 0.25 7.56 7.79 7.76 7.88 7.98 7.79 0.07 
4 0.5 6.54 7.32 7.18 7.01 7.04 7.02 0.13 
5 0.5 6.45 7.02 6.95 6.87 6.76 6.81 0.10 
6 0.5 6.59 7.04 7.39 6.87 6.65 6.91 0.14 
7 0.5 6.58 6.89 7.65 6.88 6.78 6.96 0.18 
8 0.75 6.61 6.99 6.98 6.58 6.55 6.74 0.10 
9 0.75 7.21 7.01 7.14 7.02 7.04 7.08 0.04 
10 0.75 7.25 7.32 7.25 7.15 7.12 7.22 0.04 
11 1.0 6.89 7.23 7.28 7.22 7.25 7.17 0.07 
12 1.0 6.87 7.23 7.14 7.08 7.01 7.07 0.06 
13 1.0 7.01 7.22 7.10 7.01 7.00 7.07 0.04 
14 1.0 6.87 6.99 6.98 6.88 6.95 6.93 0.03 
 
Low Oats – Fecal pH 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 7.75 7.80 7.58 8.01 7.75 7.78 0.07 
-1 0 7.71 7.80 7.56 7.89 7.78 7.75 0.06 
1 0.25 7.73 8.05 7.21 7.70 7.77 7.69 0.14 
2 0.25 7.81 7.78 7.53 7.81 7.92 7.77 0.06 
3 0.25 7.51 7.59 8.17 7.68 7.88 7.77 0.12 
4 0.5 7.26 7.78 7.58 7.78 7.76 7.63 0.10 
5 0.5 7.27 7.71 7.38 7.31 7.23 7.38 0.09 
6 0.5 7.34 7.61 7.87 7.45 7.45 7.54 0.09 
7 0.5 7.78 7.81 7.84 7.89 7.89 7.84 0.02 
8 0.75 7.89 7.82 7.68 7.86 7.88 7.83 0.04 
9 0.75 7.88 7.45 7.64 7.78 7.55 7.66 0.08 
10 0.75 8.02 7.31 7.53 7.89 8.02 7.75 0.14 
11 1.0 7.99 7.19 7.68 7.99 7.99 7.77 0.16 
12 1.0 7.89 7.31 7.72 7.89 7.89 7.74 0.11 
13 1.0 7.88 7.78 7.55 7.88 7.99 7.82 0.07 
14 1.0 8.12 7.80 7.89 8.04 7.85 7.94 0.06 
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Low Wheat Middlings – Fecal pH 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 7.73 7.68 7.6 7.98 7.89 7.78 0.07 
-1 0 7.69 7.61 7.61 7.88 7.88 7.73 0.06 
1 0 7.63 7.62 7.20 7.54 7.67 7.53 0.09 
2 0 7.69 6.78 7.21 6.89 6.76 7.07 0.18 
3 0 7.43 6.75 7.98 6.75 6.72 7.13 0.25 
4 0 7.38 7.82 7.42 7.28 7.42 7.46 0.09 
5 0 6.92 6.61 6.94 6.89 6.83 6.84 0.06 
6 0 6.48 6.54 6.70 6.54 6.41 6.53 0.05 
7 0 6.98 6.78 6.52 6.55 6.53 6.67 0.09 
8 0 6.89 6.79 6.49 6.77 6.88 6.76 0.07 
9 0 6.99 6.94 6.45 6.89 6.76 6.81 0.10 
10 0 6.55 6.53 6.56 6.52 6.44 6.52 0.02 
11 0 6.48 6.48 6.64 6.41 6.36 6.47 0.05 
12 0 6.81 6.59 6.61 6.68 6.51 6.64 0.05 
13 0 6.42 6.59 6.54 6.44 6.42 6.48 0.03 
14 0 6.52 6.76 6.55 6.44 6.42 6.54 0.06 
 
Control – Fecal pH 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 7.88 7.85 7.47 7.89 7.99 7.82 0.09 
-1 0 7.82 7.78 7.98 7.99 7.99 7.91 0.05 
1 0 7.95 8.03 7.89 7.99 8.06 7.98 0.03 
2 0 7.50 7.85 7.84 8.05 7.78 7.80 0.09 
3 0 7.50 7.73 7.86 8.02 7.99 7.82 0.10 
4 0 7.46 7.94 7.87 8.02 7.89 7.84 0.10 
5 0 7.56 7.90 7.87 8.02 7.84 7.84 0.08 
6 0 7.78 7.88 7.89 8.06 7.93 7.91 0.05 
7 0 7.64 7.98 7.64 7.98 7.86 7.82 0.08 
8 0 7.67 7.89 7.79 7.85 8.04 7.85 0.06 
9 0 7.79 7.99 7.98 7.98 8.12 7.97 0.05 
10 0 7.99 7.78 7.85 8.05 7.89 7.91 0.05 
11 0 8.12 7.65 8.01 8.07 7.88 7.95 0.08 
12 0 8.01 8.31 8.21 7.88 7.89 8.06 0.09 
13 0 8.01 8.02 7.82 7.89 7.99 7.95 0.04 
14 0 8.21 7.99 7.82 7.89 7.77 7.94 0.08 
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Appendix S: Fecal Dry Matter Raw Data 
High Corn – Fecal Dry Matter (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 22.39 21.13 21.13 24.37 22.20 22.24 0.59 
-1 0 20.33 21.18 21.43 23.76 21.54 21.65 0.57 
1 0.5 20.67 21.88 20.78 21.67 20.49 21.10 0.28 
2 0.5 19.34 19.16 19.99 21.33 21.40 20.25 0.48 
3 0.5 21.77 22.11 20.84 21.53 21.31 21.51 0.21 
4 1.0 23.30 22.88 20.89 20.14 20.55 21.55 0.64 
5 1.0 19.88 19.34 19.75 19.53 20.54 19.81 0.20 
6 1.0 20.43 19.97 18.55 20.11 20.65 19.94 0.37 
7 1.0 18.57 18.52 18.27 19.64 19.46 18.89 0.28 
8 1.5 18.68 18.64 18.65 18.65 19.65 18.85 0.20 
9 1.5 19.46 19.05 18.98 18.75 18.64 18.98 0.14 
10 1.5 19.94 19.51 18.43 18.86 18.44 19.03 0.30 
11 2.0 18.58 18.31 18.48 18.22 18.65 18.44 0.08 
12 2.0 18.56 18.69 18.10 18.17 18.64 18.43 0.12 
13 2.0 18.93 18.51 18.46 19.00 18.64 18.71 0.11 
14 2.0 18.44 18.75 18.44 18.54 18.00 18.43 0.12 
 
High Oat – Fecal Dry Matter (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 22.37 21.65 23.43 21.53 24.54 22.70 1.27 
-1 0 21.07 22.53 23.00 22.54 24.35 22.70 1.18 
1 0.5 23.56 23.10 23.54 24.55 23.56 23.66 0.53 
2 0.5 23.69 24.12 24.54 24.55 23.54 24.09 0.47 
3 0.5 24.49 25.71 24.36 23.64 25.75 24.79 0.91 
4 1.0 25.17 24.77 26.46 23.54 25.37 25.06 1.06 
5 1.0 26.28 25.62 26.46 23.75 24.65 25.35 1.14 
6 1.0 25.52 25.92 26.46 24.55 26.48 25.78 0.80 
7 1.0 25.56 25.00 25.45 24.79 27.40 25.64 1.03 
8 1.5 26.53 25.65 25.37 - 26.03 25.90 0.50 
9 1.5 26.53 25.65 25.46 - 27.59 26.31 0.98 
10 1.5 25.44 24.77 26.55 - 26.00 25.69 0.76 
11 2.0 24.65 24.78 25.94 - 26.55 25.48 0.92 
12 2.0 25.65 25.36 26.76 - 26.79 26.14 0.74 
13 2.0 24.55 25.44 26.58 - 27.55 26.03 1.31 
14 2.0 24.65 24.65 25.46 - 27.59 25.59 1.39 
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Low Corn – Fecal Dry Matter (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 21.69 23.33 23.45 24.66 24.64 23.55 1.22 
-1 0 21.17 22.05 24.63 25.64 25.46 23.79 2.05 
1 0.25 22.52 23.34 24.25 25.46 26.44 24.40 1.58 
2 0.25 23.85 25.47 23.33 24.36 23.49 24.10 0.86 
3 0.25 22.30 22.88 21.32 24.65 21.53 22.54 1.33 
4 0.5 20.87 21.09 22.65 23.54 22.49 22.13 1.12 
5 0.5 21.41 21.63 21.25 24.76 21.32 22.07 1.51 
6 0.5 21.65 21.85 22.36 24.54 21.00 22.28 1.35 
7 0.5 21.76 21.75 22.46 23.54 22.56 22.41 0.73 
8 0.75 22.35 21.46 21.46 24.64 22.35 22.46 1.30 
9 0.75 22.68 22.46 22.44 23.14 23.60 22.86 0.50 
10 0.75 22.75 21.35 21.35 22.46 22.49 22.08 0.68 
11 1.0 21.45 23.64 22.45 21.46 23.44 22.49 1.04 
12 1.0 21.54 22.35 21.36 22.46 23.44 22.23 0.83 
13 1.0 20.54 21.36 22.50 21.25 22.40 21.61 0.83 
14 1.0 21.64 22.54 21.59 22.35 21.20 21.87 0.56 
 
Low Oats – Fecal Dry Matter (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 21.43 19.15 24.32 22.43 24.67 22.40 2.25 
-1 0 20.42 18.98 22.58 21.96 24.46 21.68 2.09 
1 0.25 21.38 20.89 22.57 22.46 23.44 22.15 1.01 
2 0.25 21.91 21.56 23.47 23.46 24.96 23.07 1.37 
3 0.25 21.85 22.56 23.58 21.64 23.85 22.69 1.00 
4 0.5 19.69 20.00 24.57 22.35 22.35 21.79 2.00 
5 0.5 20.20 20.25 22.57 25.47 24.46 22.59 2.39 
6 0.5 20.91 22.78 23.86 24.45 23.35 23.07 1.36 
7 0.5 21.64 22.68 24.47 24.46 24.35 23.52 1.29 
8 0.75 22.49 22.57 23.46 23.73 23.35 23.12 0.56 
9 0.75 22.59 23.57 22.24 23.96 24.35 23.35 0.90 
10 0.75 21.98 23.57 23.57 24.35 24.35 23.56 0.97 
11 1.0 22.86 23.57 24.46 23.64 23.96 23.70 0.59 
12 1.0 21.46 22.57 23.35 24.64 24.46 23.30 1.33 
13 1.0 22.35 23.57 23.46 23.46 23.57 23.28 0.53 
14 1.0 23.57 22.25 23.00 24.46 24.46 23.55 0.95 
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Low Wheat Middlings– Fecal Dry Matter (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 23.77 23.23 24.30 22.95 22.49 23.35 0.71 
-1 0 24.01 23.45 22.43 21.49 22.19 22.71 1.01 
1 0 23.17 23.36 21.58 23.36 23.49 22.99 0.80 
2 0 22.64 22.76 22.59 22.76 21.59 22.47 0.49 
3 0 24.07 24.42 23.59 24.42 24.50 24.20 0.38 
4 0 24.13 24.69 22.49 24.69 22.39 23.68 1.15 
5 0 23.50 23.66 24.80 23.66 23.59 23.84 0.54 
6 0 23.23 23.69 22.69 23.69 22.39 23.14 0.59 
7 0 22.79 24.65 22.55 22.39 22.52 22.98 0.94 
8 0 22.40 23.80 21.39 21.49 23.48 22.51 1.11 
9 0 23.34 23.97 21.49 21.83 23.80 22.89 1.15 
10 0 22.32 22.49 22.80 20.49 24.69 22.56 1.50 
11 0 22.23 21.69 21.59 19.59 21.69 21.36 1.02 
12 0 21.35 20.04 20.59 19.32 19.53 20.17 0.82 
13 0 21.55 20.58 19.80 21.59 19.42 20.59 0.99 
14 0 21.23 19.94 19.75 18.03 20.54 19.90 1.19 
 
Control – Fecal Dry Matter (%) 
Day g starch/kg BW 
Block 
#1 
Block 
#2 
Block 
#3 
Block 
#4 
Block 
#5 
Avg. SE 
-2 0 22.17 21.53 22.24 24.64 23.63 22.84 1.26 
-1 0 22.63 21.77 23.46 23.74 24.63 23.25 1.09 
1 0 23.95 22.21 22.58 24.64 23.46 23.37 0.99 
2 0 23.27 22.41 24.35 24.63 23.24 23.58 0.90 
3 0 23.82 23.18 23.35 23.94 22.46 23.35 0.59 
4 0 22.00 23.14 22.65 23.65 23.23 22.93 0.63 
5 0 22.68 21.35 23.75 22.74 22.35 22.58 0.86 
6 0 23.68 21.35 22.65 24.66 24.35 23.34 1.35 
7 0 22.46 21.36 23.58 23.63 24.44 23.09 1.20 
8 0 22.35 22.35 22.57 24.55 23.85 23.13 1.01 
9 0 22.44 22.86 23.60 23.46 24.37 23.35 0.74 
10 0 23.46 23.37 22.44 24.64 23.36 23.45 0.79 
11 0 23.35 22.64 22.45 24.64 22.35 23.09 0.95 
12 0 22.26 23.37 23.70 23.46 24.85 23.53 0.93 
13 0 23.36 22.35 22.44 23.55 24.48 23.23 0.88 
14 0 23.35 23.35 23.10 24.79 24.59 23.83 0.79 
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Appendix T: Fecal Acetate (DM Basis) Raw Data 
 
High Corn- Acetate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Sweet Star 1 94.46 103.13 258.92 
My Boy George 2 100.06 104.43 150.20 
Townsend Lad 3 133.91 148.93 112.23 
Tonosi 4 55.15 199.88 189.19 
Quick Flite 5 187.87 74.08 121.82 
Avg.  114.29 126.09 166.47 
SE  22.24 21.99 26.71 
 
 
High Oats- Acetate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 92.93 109.35 86.14 
Moses 2 97.35 106.55 137.13 
Oliver Terrace 3 90.27 53.09 53.22 
Matty G Whiz 4 88.37 152.19 - 
WSIF 5 66.53 73.53 50.99 
Avg.  87.09 98.94 81.87 
SE  5.36 16.96 17.97 
 
 
Low Corn- Acetate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Indian Wildfire 1 129.52 128.45 135.88 
Downtown Leroy 2 140.52 128.17 129.78 
Private Nip 3 87.45 93.61 121.56 
Smart Balance 4 160.03 147.01 153.67 
Hosannah 5 48.98 40.56 56.07 
Avg.  113.30 107.56 119.39 
SE  19.99 18.84 16.69 
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Low Oats- Acetate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 98.68 166.84 93.98 
Eggs 2 110.02 123.31 58.99 
Kilo Wayne Venture 3 143.40 118.15 87.41 
Emerlaude 4 217.02 187.36 178.98 
Distinctive View 5 73.53 54.16 50.15 
Avg.  128.53 129.96 93.90 
SE  24.81 23.00 22.82 
 
 
Low Wheat Middlings- Acetate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 206.52 88.88 128.63 
See Paddy Run 2 118.93 119.40 137.45 
Friendly Fella 3 115.22 120.50 135.01 
Dancin Emi 4 83.21 174.86 155.07 
Rima 5 37.35 71.65 54.06 
Avg.  112.25 115.06 122.04 
SE  27.74 17.60 17.55 
 
 
Control- Acetate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
Hay Only 
S2 
Hay Only 
Run Nola Run 1 95.19 117.05 150.37 
Maestro Man 2 125.34 96.40 125.31 
Easy Pleasing 3 125.07 124.89 92.32 
Rancho Valencia 4 70.07 85.17 114.14 
Good Solution 5 75.97 43.13  
Avg.  98.33 93.33 120.54 
SE  11.73 14.41 10.80 
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Appendix U: Fecal Propionate (DM Basis) Raw Data 
 
 
High Corn- Propionate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Sweet Star 1 12.59 10.31 77.67 
My Boy George 2 9.34 18.80 27.41 
Townsend Lad 3 29.80 40.96 22.07 
Tonosi 4 2.90 55.14 44.52 
Quick Flite 5 34.44 20.20 87.56 
Avg.  17.81 29.08 51.85 
SE  6.09 8.24 13.19 
 
 
High Oats- Propionate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 9.29 41.01 22.97 
Moses 2 11.68 13.85 20.57 
Oliver Terrace 3 28.89 7.43 7.72 
Matty G Whiz 4 18.00 54.56 - 
WSIF 5 31.82 42.02 17.85 
Avg.  19.94 31.77 17.28 
SE  4.51 9.01 2.99 
 
 
Low Corn- Propionate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Indian Wildfire 1 29.14 44.96 33.97 
Downtown Leroy 2 38.78 11.21 16.87 
Private Nip 3 23.03 21.22 30.39 
Smart Balance 4 35.72 34.59 30.07 
Hosannah 5 17.29 10.14 18.69 
Avg.  28.79 24.42 25.99 
SE  3.96 6.76 3.44 
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Low Oats- Propionate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 6.58 56.73 18.80 
Eggs 2 27.50 35.14 2.95 
Kilo Wayne Venture 3 41.30 24.81 23.60 
Emerlaude 4 65.11 51.88 44.01 
Distinctive View 5 25.45 21.06 11.80 
Avg.  33.19 37.92 20.23 
SE  9.71 7.12 6.89 
 
 
Low Wheat Middlings - Propionate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 50.16 17.78 38.59 
See Paddy Run 2 17.54 46.57 29.55 
Friendly Fella 3 22.47 36.15 43.88 
Dancin Emi 4 8.32 64.12 23.26 
Rima 5 9.34 28.04 21.62 
Avg.  21.57 38.53 31.38 
SE  7.61 7.96 4.32 
 
 
Control- Propionate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
Hay Only 
S2 
Hay Only 
Run Nola Run 1 15.87 23.41 45.11 
Maestro Man 2 17.55 13.50 9.71 
Easy Pleasing 3 53.47 25.91 20.31 
Rancho Valencia 4 10.09 10.79 25.83 
Good Solution 5 35.07 17.25 - 
Avg.  26.41 18.17 25.24 
SE  7.95 2.87 6.64 
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Appendix V: Fecal Butyrate (DM Basis) Raw Data 
 
High Corn- Butyrate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Sweet Star 1 6.30 6.88 40.69 
My Boy George 2 4.34 5.92 13.14 
Townsend Lad 3 17.41 21.22 14.22 
Tonosi 4 0.00 34.46 29.68 
Quick Flite 5 20.98 14.48 7.42 
Avg.  9.81 16.59 21.03 
SE  4.01 5.26 6.14 
 
 
High Oats- Butyrate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 6.20 8.20 5.74 
Moses 2 5.52 7.72 7.68 
Oliver Terrace 3 12.94 5.31 5.59 
Matty G Whiz 4 5.56 20.10 - 
WSIF 5 11.86 15.76 6.37 
Avg.  8.42 11.42 6.35 
SE  1.64 2.79 0.43 
 
 
Low Corn- Butyrate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Indian Wildfire 1 12.95 12.84 10.19 
Downtown Leroy 2 16.30 5.77 6.81 
Private Nip 3 8.45 11.23 13.37 
Smart Balance 4 14.29 20.18 13.36 
Hosannah 5 9.51 4.73 7.79 
Avg.  12.30 10.95 10.30 
SE  1.47 2.78 1.37 
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Low Oats- Butyrate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 6.58 26.69 9.40 
Eggs 2 31.54 8.32 1.77 
Kilo Wayne Venture 3 17.49 12.41 9.91 
Emerlaude 4 40.30 34.59 26.41 
Distinctive View 5 16.97 12.64 6.49 
Avg.  22.58 18.93 10.80 
SE  5.95 5.00 4.16 
 
 
Low Wheat Middlings - Butyrate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 20.65 8.89 9.65 
See Paddy Run 2 8.33 16.72 6.87 
Friendly Fella 3 16.13 15.06 15.53 
Dancin Emi 4 3.39 27.39 14.22 
Rima 5 3.11 11.21 6.13 
Avg.  10.32 15.85 10.48 
SE  3.50 3.20 1.90 
 
 
Control- Butyrate DM Basis (mM) 
Horse Block 
S0 
Hay Only 
S1 
Hay Only 
S2 
Hay Only 
Run Nola Run 1 12.69 8.78 12.03 
Maestro Man 2 5.64 5.78 5.01 
Easy Pleasing 3 15.01 15.61 11.69 
Rancho Valencia 4 6.73 2.84 6.31 
Good Solution 5 29.22 4.60 - 
Avg.  13.86 7.52 8.76 
SE  4.23 2.24 1.62 
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Appendix W: Plasma Lactate AM Raw Data 
 
High Corn- Plasma Lactate AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Sweet Star 1 1.41 0.77 1.07 
My Boy George 2 0.58 0.89 0.74 
Townsend Lad 3 0.83 0.31 0.54 
Tonosi 4 0.50 0.92 0.66 
Quick Flite 5 1.08 1.03 1.17 
Avg.  0.88 0.78 0.84 
SE  0.17 0.13 0.12 
 
 
High Oats- Plasma Lactate AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Super T 1 0.76 0.74 0.75 
Moses 2 0.62 0.48 0.83 
Oliver Terrace 3 1.11 0.28 0.64 
Matty G Whiz 4 0.66 0.64 - 
WSIF 5 1.10 0.93 0.63 
Avg.  0.85 0.61 0.71 
SE  0.11 0.11 0.04 
 
 
Low Corn- Plasma Lactate AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Indian Wildfire 1 0.59 0.77 0.91 
Downtown Leroy 2 0.88 0.82 0.75 
Private Nip 3 1.08 0.45 0.89 
Smart Balance 4 0.96 1.11 1.08 
Hosannah 5 1.00 1.18 0.95 
Avg.  0.90 0.87 0.92 
SE  0.08 0.13 0.05 
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Low Oats- Plasma Lactate AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Alyssa's Honor 1 0.79 1.01 0.91 
Eggs 2 0.69 0.62 0.67 
Kilo Wayne Venture 3 0.86 0.43 0.96 
Emerlaude 4 0.60 0.74 0.62 
Distinctive View 5 0.97 1.20 1.07 
Avg.  0.78 0.80 0.85 
SE  0.06 0.14 0.09 
 
 
Low Wheat Middlings- Plasma Lactate AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Big Diggins 1 0.60 0.79 0.72 
See Paddy Run 2 1.19 1.13 0.51 
Friendly Fella 3 0.88 0.77 0.68 
Dancin Emi 4 0.89 0.81 0.94 
Rima 5 1.50 0.44 0.76 
Avg.  1.01 0.79 0.72 
SE  0.15 0.11 0.07 
 
 
Control- Plasma Lactate AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
Hay Only 
S2B 
Hay Only 
Run Nola Run 1 0.56 0.97 0.87 
Maestro Man 2 1.03 1.13 0.96 
Easy Pleasing 3 0.28 0.96 0.82 
Rancho Valencia 4 1.14 1.08 0.93 
Good Solution 5 1.09 1.03 1.14 
Avg.  0.82 1.03 0.94 
SE  0.17 0.03 0.05 
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Appendix X: Plasma Lactate PM Raw Data 
 
High Corn- Plasma Lactate PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Sweet Star 1 0.79 0.56 0.73 
My Boy George 2 0.62 0.68 0.72 
Townsend Lad 3 0.21 0.59 0.47 
Tonosi 4 0.46 0.64 0.68 
Quick Flite 5 0.40 0.50 0.47 
Avg.  0.50 0.59 0.61 
SE  0.10 0.03 0.06 
 
 
High Oats- Plasma Lactate PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Super T 1 0.67 0.63 0.66 
Moses 2 0.70 0.49 0.85 
Oliver Terrace 3 0.57 0.82 0.70 
Matty G Whiz 4 0.59 0.60 - 
WSIF 5 0.43 0.39 0.41 
Avg.  0.59 0.59 0.66 
SE  0.05 0.07 0.08 
 
 
Low Corn- Plasma Lactate PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Indian Wildfire 1 0.55 0.60 0.76 
Downtown Leroy 2 0.55 0.66 0.69 
Private Nip 3 0.21 0.78 0.67 
Smart Balance 4 0.67 0.60 0.64 
Hosannah 5 0.42 0.88 0.67 
Avg.  0.48 0.70 0.69 
SE  0.08 0.05 0.02 
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Low Oats- Plasma Lactate PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Alyssa's Honor 1 0.68 0.83 0.89 
Eggs 2 0.28 0.59 0.94 
Kilo Wayne Venture 3 0.48 0.47 0.64 
Emerlaude 4 0.44 0.65 0.63 
Distinctive View 5 0.52 0.58 0.53 
Avg.  0.48 0.62 0.73 
SE  0.06 0.06 0.08 
 
 
Low Wheat Middlings- Plasma Lactate PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Big Diggins 1 0.63 0.46 0.75 
See Paddy Run 2 0.62 0.77 0.62 
Friendly Fella 3 0.29 0.67 0.65 
Dancin Emi 4 0.38 0.52 0.56 
Rima 5 0.77 0.46 0.42 
Avg.  0.54 0.58 0.60 
SE  0.09 0.06 0.05 
 
 
Control- Plasma Lactate PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
Hay Only 
S2B 
Hay Only 
Run Nola Run 1 0.65 0.75 0.39 
Maestro Man 2 0.63 0.65 1.06 
Easy Pleasing 3 0.25 0.48 0.47 
Rancho Valencia 4 0.55 0.63 0.82 
Good Solution 5 0.63 0.67 0.52 
Avg.  0.54 0.64 0.65 
SE  0.07 0.04 0.13 
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Appendix Y: Plasma Glucose AM Raw Data 
 
High Corn- Plasma Glucose AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Sweet Star 1 3.56 3.36 4.50 
My Boy George 2 4.54 5.03 3.58 
Townsend Lad 3 4.35 2.03 2.33 
Tonosi 4 2.22 4.92 4.28 
Quick Flite 5 5.06 4.44 3.76 
Avg.  3.95 3.96 3.69 
SE  0.49 0.56 0.38 
 
 
High Oats- Plasma Glucose AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Super T 1 4.22 4.23 4.26 
Moses 2 4.44 4.84 4.06 
Oliver Terrace 3 3.90 2.03 2.12 
Matty G Whiz 4 5.01 1.72 - 
WSIF 5 4.78 5.98 3.78 
Avg.  4.47 3.76 3.56 
SE  0.20 0.82 0.44 
 
 
Low Corn- Plasma Glucose AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Indian Wildfire 1 3.89 3.22 4.52 
Downtown Leroy 2 4.59 4.40 3.41 
Private Nip 3 4.72 2.79 2.77 
Smart Balance 4 4.67 4.64 4.67 
Hosannah 5 4.94 4.67 3.79 
Avg.  4.56 3.94 3.83 
SE  0.18 0.39 0.35 
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Low Oats- Plasma Glucose AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Alyssa's Honor 1 4.19 3.91 4.75 
Eggs 2 3.76 4.79 3.62 
Kilo Wayne Venture 3 4.83 2.31 2.52 
Emerlaude 4 2.38 4.93 4.45 
Distinctive View 5 4.72 4.95 3.45 
Avg.  3.98 4.18 3.76 
SE  0.44 0.50 0.39 
 
 
Low Wheat Middlings- Plasma Glucose AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Big Diggins 1 4.79 3.31 4.69 
See Paddy Run 2 4.62 4.37 5.10 
Friendly Fella 3 2.46 2.37 2.95 
Dancin Emi 4 4.86 4.56 4.43 
Rima 5 5.56 4.63 3.97 
Avg.  4.46 3.85 4.23 
SE  0.52 0.44 0.37 
 
 
Control- Plasma Glucose AM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
Hay Only 
S2B 
Hay Only 
Run Nola Run 1 3.92 3.53 4.43 
Maestro Man 2 4.71 3.13 2.96 
Easy Pleasing 3 2.34 2.99 3.31 
Rancho Valencia 4 5.81 4.83 5.18 
Good Solution 5 2.98 4.06 3.83 
Avg.  3.95 3.71 3.94 
SE  0.62 0.34 0.40 
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Appendix Z: Plasma Glucose PM Raw Data 
 
High Corn- Plasma Glucose PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Sweet Star 1 3.43 3.32 3.66 
My Boy George 2 4.20 3.72 3.51 
Townsend Lad 3 4.49 2.28 2.58 
Tonosi 4 4.27 4.43 5.31 
Quick Flite 5 3.89 4.13 3.89 
Avg.  4.06 3.58 3.79 
SE  0.18 0.37 0.44 
 
 
High Oats- Plasma Glucose PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Super T 1 3.27 4.39 4.19 
Moses 2 4.66 2.71 2.80 
Oliver Terrace 3 4.06 2.53 2.49 
Matty G Whiz 4 4.18 3.92 - 
WSIF 5 3.67 3.33 3.84 
Avg.  3.97 3.38 3.33 
SE  0.24 0.35 0.36 
 
 
Low Corn- Plasma Glucose PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Indian Wildfire 1 3.38 3.53 3.66 
Downtown Leroy 2 4.25 4.28 2.95 
Private Nip 3 1.95 3.69 3.13 
Smart Balance 4 4.52 4.58 4.50 
Hosannah 5 4.13 4.01 4.06 
Avg.  3.65 4.02 3.66 
SE  0.46 0.19 0.29 
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Low Oats- Plasma Glucose PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Alyssa's Honor 1 3.24 4.98 5.37 
Eggs 2 3.94 2.68 3.56 
Kilo Wayne Venture 3 2.09 1.70 1.73 
Emerlaude 4 4.37 4.67 5.10 
Distinctive View 5 3.90 3.39 4.03 
Avg.  3.51 3.48 3.96 
SE  0.40 0.61 0.65 
 
 
Low Wheat Middlings- Plasma Glucose PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Big Diggins 1 3.64 3.19 4.18 
See Paddy Run 2 4.26 4.00 3.67 
Friendly Fella 3 1.43 2.78 1.86 
Dancin Emi 4 2.86 4.87 4.35 
Rima 5 4.93 4.39 4.26 
Avg.  3.42 3.85 3.66 
SE  0.60 0.38 0.47 
 
 
Control- Plasma Glucose PM (mM) 
Horse Block 
S0B 
Hay Only 
S1B 
Hay Only 
S2B 
Hay Only 
Run Nola Run 1 3.07 4.54 3.91 
Maestro Man 2 4.00 3.49 3.26 
Easy Pleasing 3 2.15 1.92 1.42 
Rancho Valencia 4 4.97 5.07 4.84 
Good Solution 5 4.51 4.02 4.07 
Avg.  3.74 3.81 3.50 
SE  0.51 0.54 0.58 
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Appendix AA: Gas Production Long Stem Hay 24 h Raw Data 
 
High Corn- Gas Production, Long Stem Hay, 24 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
My Boy George 2 4.46 5.39 3.98 
Townsend Lad 3 4.37 4.55 4.22 
Quick Flite 5 5.33 3.66 3.55 
Avg.  4.72 4.53 3.92 
SE  0.31 0.50 0.20 
 
 
High Oats- Gas Production, Long Stem Hay, 24 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Moses 2 5.44 5.75 4.77 
Oliver Terrace 3 3.37 5.85 4.64 
WSIF 5 5.20 3.37 3.66 
Avg.  4.29 4.99 4.36 
SE  0.75 0.81 0.35 
 
 
Control- Gas Production, Long Stem Hay, 24 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
Hay Only 
S2B 
Hay Only 
Maestro Man 2 4.55 4.96 4.53 
Easy Pleasing 3 3.84 4.02 4.82 
Good Solution 5 4.77 3.89 4.18 
Avg.  4.39 4.29 4.51 
SE  0.28 0.34 0.19 
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Appendix BB: Gas Production Long Stem Hay 48 h Raw Data 
 
High Corn- Gas Production, Long Stem Hay, 48 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
My Boy George 2 5.82 7.44 5.17 
Townsend Lad 3 8.61 6.31 6.57 
Quick Flite 5 7.28 4.89 6.00 
Avg.  7.24 6.21 5.91 
SE  0.81 0.74 0.41 
 
 
High Oats- Gas Production, Long Stem Hay, 48 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Moses 2 8.37 7.87 6.86 
Oliver Terrace 3 6.54 10.03 7.36 
WSIF 5 7.42 5.31 5.59 
Avg.  7.44 7.74 6.60 
SE  0.53 1.36 0.53 
 
 
Control- Gas Production, Long Stem Hay, 48 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
Hay Only 
S2B 
Hay Only 
Maestro Man 2 8.39 7.58 5.71 
Easy Pleasing 3 6.41 7.44 7.50 
Good Solution 5 7.24 5.97 6.68 
Avg.  7.35 7.00 6.63 
SE  0.57 0.51 0.52 
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Appendix CC: Gas Production Timothy Hay Cubes 24 h Raw Data 
 
High Corn- Gas Production, Timothy Hay Cubes, 24 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
My Boy George 2 5.55 5.02 3.46 
Townsend Lad 3 4.02 4.89 4.22 
Quick Flite 5 4.77 3.66 3.71 
Avg.  4.78 4.52 3.80 
SE  0.44 0.43 0.22 
 
 
High Oats- Gas Production, Timothy Hay Cubes, 24 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Moses 2 6.31 5.75 4.06 
Oliver Terrace 3 3.09 5.85 4.23 
WSIF 5 3.59 3.37 3.64 
Avg.  4.33 4.99 3.98 
SE  1.00 0.81 0.18 
 
 
Control- Gas Production, Timothy Hay Cubes, 24 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
Hay Only 
S2B 
Hay Only 
Maestro Man 2 4.80 4.71 3.84 
Easy Pleasing 3 3.45 4.04 4.20 
Good Solution 5 5.06 3.89 4.15 
Avg.  4.44 4.21 4.06 
SE  0.50 0.25 0.11 
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Appendix DD: Gas Production Timothy Hay Cubes 48 h Raw Data 
 
High Corn- Gas Production, Timothy Hay Cubes, 48 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
My Boy George 2 8.26 6.91 5.08 
Townsend Lad 3 6.54 5.91 5.40 
Quick Flite 5 6.92 4.93 5.48 
Avg.  7.24 5.92 5.32 
SE  0.52 0.57 0.12 
 
 
High Oats- Gas Production, Timothy Hay Cubes, 48 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
50% Starch 
S2B 
100% Starch 
Moses 2 7.77 7.87 5.74 
Oliver Terrace 3 5.08 10.03 5.93 
WSIF 5 5.82 5.31 5.83 
Avg.  6.22 7.74 5.83 
SE  0.80 1.36 0.05 
 
 
Control- Gas Production, Timothy Hay Cubes, 48 h (psi) 
Horse Block 
S0B 
Hay Only 
S1B 
Hay Only 
S2B 
Hay Only 
Maestro Man 2 7.79 5.42 5.11 
Easy Pleasing 3 4.89 6.22 5.70 
Good Solution 5 7.22 5.51 6.40 
Avg.  6.63 5.72 5.74 
SE  0.89 0.25 0.37 
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Appendix EE: Total Amylolytic Bacteria Enumerations Raw Data 
 
High Corn - Total Amylolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Sweet Star 1 105 109 1010 
My Boy George 2 105 108 1010 
Townsend Lad 3 105 108 1010 
Tonosi 4 105 108 1010 
Quick Flite 5 105 109 1010 
Avg.  105 4.6 × 108 1010 
SE  0 2.205 × 107 0 
 
 
High Oats - Total Amylolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 105 106 106 
Moses 2 105 106 106 
Oliver Terrace 3 105 105 106 
Matty G Whiz 4 105 105 - 
WSIF 5 105 105 106 
Avg.  105 4.6 × 105 106 
SE  0 2.20 × 105 0 
 
 
Low Corn - Total Amylolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0  
Hay Only 
S1  
50% Starch 
S2  
100% Starch 
Indian Wildfire 1 105 107 108 
Downtown Leroy 2 105 108 109 
Private Nip 3 105 107 109 
Smart Balance 4 105 107 108 
Hosannah 5 105 108 108 
Avg.  105 4.6 x 107 4.6 x 108 
SE  0 2.20 x 107 2.20 x 108 
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Low Oats - Total Amylolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 105 105 105 
Eggs 2 105 105 105 
Kilo Wayne Venture 3 105 105 105 
Emerlaude 4 105 105 105 
Distinctive View 5 105 105 105 
Avg.  105 105 105 
SE  0 0 0 
 
 
Low Wheat- Total Amylolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 105 106 108 
See Paddy Run 2 105 106 107 
Friendly Fella 3 105 107 108 
Dancin Emi 4 105 107 109 
Rima 5 105 107 108 
Avg.  105 6.4 × 106 2.62 × 108 
SE  0 2.20 × 106 1.85 × 108 
 
 
Control - Total Amylolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Run Nola Run 1 105 105 105 
Maestro Man 2 105 105 105 
Easy Pleasing 3 105 105 105 
Rancho Valencia 4 105 105 105 
Good Solution 5 105 105 105 
Avg.  105 105 105 
SE  0 0 0 
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Appendix FF: Group D Gram-positive Cocci (GPC) Enumerations Raw Data 
 
High Corn- Group D Gram-positive Cocci (GPC) Enumerations (cfu g feces -1) 
Horse Block 
S0  
Hay Only 
S1  
50% Starch 
S2  
100% Starch 
Sweet Star 1 340000 750000 1215000 
My Boy George 2 485000 890000 1545000 
Townsend Lad 3 24500 380000 995000 
Tonosi 4 650000 1100000 1655000 
Quick Flite 5 545000 995000 1565000 
Avg.  408900 823000 1395000 
SE  108386.90 124976 124779.80 
 
 
High Oats - Group D Gram-positive Cocci (GPC) Enumerations (cfu g feces -1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 360000 135000 45000 
Moses 2 560000 113000 85000 
Oliver Terrace 3 30000 22000 15000 
Matty G Whiz 4 645000 200000 - 
WSIF 5 545000 125000 35000 
Avg.  428000 119000 45000 
SE  109824.90 28546.45 13165.61 
 
 
Low Corn - Group D Gram-positive Cocci (GPC) Enumerations (cfu g feces -1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Indian Wildfire 1 325000 545000 765000 
Downtown Leroy 2 480000 650000 985000 
Private Nip 3 20500 56000 390000 
Smart Balance 4 655000 865000 1150000 
Hosannah 5 550000 675000 1050000 
Avg.  406100 558200 868000 
SE  110314.10 135752.50 135172.10 
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Low Oats - Group D Gram-positive Cocci (GPC) Enumerations (cfu g feces -1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 350000 275000 130000 
Eggs 2 430000 116000 112000 
Kilo Wayne Venture 3 23500 21000 18500 
Emerlaude 4 655000 210000 125000 
Distinctive View 5 545000 325000 140000 
Avg.  400700 189400 105100 
SE  107517.4 54719.83 22114.7 
 
 
Low Wheat Middlings - Group D Gram-positive Cocci (GPC) Enumerations  
(cfu g feces -1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 365000 655000 765000 
See Paddy Run 2 470000 710000 825000 
Friendly Fella 3 28000 215000 555000 
Dancin Emi 4 650000 1150000 1250000 
Rima 5 555000 950000 1150000 
Avg.  413600 736000 909000 
SE  107263.50 157459.50 127959 
 
 
Control- Group D Gram-positive Cocci (GPC) Enumerations (cfu g feces -1) 
Horse Block 
S0 
Hay Only 
S1 
Hay Only 
S2 
Hay Only 
Run Nola Run 1 355000 355000 354000 
Maestro Man 2 385000 380000 386500 
Easy Pleasing 3 24000 28500 26500 
Rancho Valencia 4 655000 665000 655000 
Good Solution 5 550000 560000 550000 
Avg.  393800 397700 394400 
SE  107461.3 108682.1 107044.1 
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Appendix GG: Lactobacilli Enumerations Raw Data 
 
High Corn- Lactobacilli Enumerations (cfu g feces-1) 
Horse Block 
S0  
Hay Only 
S1  
50% Starch 
S2  
100% Starch 
Sweet Star 1 56000 38000 25000 
My Boy George 2 87000 73000 47000 
Townsend Lad 3 48500 29500 29000 
Tonosi 4 75500 36000 28000 
Quick Flite 5 64000 31000 20000 
Avg.  66200 41500 29800 
SE  15340.31 17951.32 10232.30 
 
 
High Oats- Lactobacilli Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 56500 676000 1780000 
Moses 2 85000 710000 2100000 
Oliver Terrace 3 30000 445000 1390000 
Matty G Whiz 4 78000 730000 - 
WSIF 5 63500 725000 2195000 
Avg.  62600 657200 1866250 
SE  9590.88 53882.65 162679.40 
 
 
Low Corn- Lactobacilli Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Indian Wildfire 1 60000 56000 48000 
Downtown Leroy 2 96500 94500 72500 
Private Nip 3 36000 37000 31000 
Smart Balance 4 75000 60000 46000 
Hosannah 5 64000 55000 48000 
Avg.  66300 60500 49100 
SE  29650.26 27056.42 21958.19 
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Low Oats - Lactobacilli Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 55000 660000 845000 
Eggs 2 93000 620000 820000 
Kilo Wayne Venture 3 24000 340000 430000 
Emerlaude 4 76000 550000 900000 
Distinctive View 5 64000 650000 780000 
Avg.  62400 564000 755000 
SE  11517.81 59211.49 83546.39 
 
 
Low Wheat- Lactobacilli Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 56000 145000 156000 
See Paddy Run 2 95500 121500 170000 
Friendly Fella 3 37000 245000 170000 
Dancin Emi 4 74500 200000 165000 
Rima 5 63000 156000 145000 
Avg.  65200 173500 161200 
SE  9719.31 21951.08 4789.57 
 
 
Control- Lactobacilli Enumerations (cfu/g feces) 
Horse Block 
S0 
Hay Only 
S1 
Hay Only 
S2 
Hay Only 
Run Nola Run 1 55500 55000 55000 
Maestro Man 2 82500 82500 87000 
Easy Pleasing 3 28000 23000 24000 
Rancho Valencia 4 78500 78500 78000 
Good Solution 5 65500 65500 65000 
Avg.  62000 60900 61800 
SE  9754.486 10650.59 10915.13 
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Appendix HH: Total Lactate-Utilizing Bacteria Enumerations Raw Data 
 
High Corn- Lactate-Utilizing Bacteria Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Sweet Star 1 320000 280000 185000 
My Boy George 2 425000 400000 275000 
Townsend Lad 3 325000 255000 156000 
Tonosi 4 450000 320000 185000 
Quick Flite 5 375000 210000 143000 
Avg.  379000 293000 188800 
SE  26048.03 32155.87 23057.32 
 
 
High Oats - Lactate-Utilizing Bacteria Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 374000 420000 445000 
Moses 2 445000 545000 765000 
Oliver Terrace 3 300000 524000 625000 
Matty G Whiz 4 440000 560000 - 
WSIF 5 375000 495000 687000 
Avg.  386800 508800 630500 
SE  26509.24 24737.42 60949.71 
 
 
Low Corn - Lactate-Utilizing Bacteria Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Indian Wildfire 1 340000 285000 280000 
Downtown Leroy 2 420000 415000 385000 
Private Nip 3 330000 324000 265000 
Smart Balance 4 445000 425000 395000 
Hosannah 5 365000 315000 246000 
Avg.  380000 352800 314200 
SE  22527.76 28228.35 31450.60 
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Low Oats- Lactate-Utilizing Bacteria Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 325000 375000 420000 
Eggs 2 425000 520000 575000 
Kilo Wayne Venture 3 330000 375000 425000 
Emerlaude 4 450000 475000 550000 
Distinctive View 5 370000 465000 545000 
Avg.  380000 442000 503000 
SE  25049.95 28879.06 33264.09 
 
 
Low Wheat Middlings - Lactate-Utilizing Bacteria Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 320000 330000 325000 
See Paddy Run 2 430000 430000 435000 
Friendly Fella 3 335000 335000 335000 
Dancin Emi 4 455000 455000 450000 
Rima 5 375000 286000 275000 
Avg.  383000 367200 364000 
SE  26201.15 32145.61 33704.60 
 
 
Control - Lactate-Utilizing Bacteria Enumerations (cfu g feces-1) 
Horse Block 
S0 
(0 g starch/kg 
BW) 
S1 
(0 g starch/kg 
BW) 
S2 
(0 g starch/kg 
BW) 
Run Nola Run 1 325000 300000 335000 
Maestro Man 2 435000 425000 425000 
Easy Pleasing 3 330000 334000 330000 
Rancho Valencia 4 440000 440000 445000 
Good Solution 5 385000 375000 370000 
Avg.  383000 374800 381000 
SE  24627.22 26486.60 23313.09 
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Appendix II: Total Cellulolytic Bacteria Enumerations Raw Data 
 
 
High Corn - Cellulolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Sweet Star 1 107 105 104 
My Boy George 2 107 105 103 
Townsend Lad 3 106 104 103 
Tonosi 4 106 104 102 
Quick Flite 5 107 105 103 
Avg.  6.4 × 106 6.4 × 104 2.62 × 103 
SE  2.20 × 106 2.20 × 104 1.85 × 103 
 
 
High Oats - Cellulolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 107 106 106 
Moses 2 107 107 106 
Oliver Terrace 3 106 106 105 
Matty G Whiz 4 106 106 - 
WSIF 5 107 107 107 
Avg.  6.4 × 106 4.6 × 106 3.03 × 106 
SE  2.20 × 106 2.20 × 106 2.09 × 106 
 
 
Low Corn- Cellulolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Indian Wildfire 1 107 106 105 
Downtown Leroy 2 107 106 105 
Private Nip 3 106 105 104 
Smart Balance 4 106 105 104 
Hosannah 5 107 106 104 
Avg.  6.4 × 106 6.4 × 105 4.6 × 104 
SE  2.20 × 106 2.20 × 105 2.20 × 104 
 
 
 
 
 
 
 
 
 
  
 
223 
 
Low Oats - Cellulolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 107 107 107 
Eggs 2 107 107 106 
Kilo Wayne Venture 3 106 106 106 
Emerlaude 4 106 106 106 
Distinctive View 5 107 107 107 
Avg.  6.40 × 106 6.40 × 106 4.60 × 106 
SE  2.20 × 106 2.20 × 106 2.20 × 106 
 
 
Low Wheat Middlings - Cellulolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 107 106 105 
See Paddy Run 2 107 105 104 
Friendly Fella 3 106 105 104 
Dancin Emi 4 106 105 104 
Rima 5 107 105 104 
Avg.  6.40 × 106 2.80 × 105 2.80 × 104 
SE  2.20 × 106 1.80 × 105 1.80 × 104 
 
 
Control- Cellulolytic Bacteria Enumerations (cells g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
Hay Only 
S2 
Hay Only 
Run Nola Run 1 107 107 107 
Maestro Man 2 107 107 107 
Easy Pleasing 3 106 106 106 
Rancho Valencia 4 106 106 106 
Good Solution 5 107 107 107 
Avg.  6.40 × 106 6.40 × 106 6.40 × 106 
SE  2.20 × 106 2.20 × 106 2.20 × 106 
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Appendix JJ: Salmonella Enumerations Raw Data 
 
High Corn - Salmonella Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Sweet Star 1 0 350 200 
My Boy George 2 50 200 50 
Townsend Lad 3 0 300 50 
Tonosi 4 100 550 500 
Quick Flite 5 0 350 450 
Avg.  30 350 250 
SE  20.00 57.01 96.18 
 
 
High Oats - Salmonella Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 0 0 0 
Moses 2 0 250 150 
Oliver Terrace 3 100 0 0 
Matty G Whiz 4 50 0 - 
WSIF 5 0 0 0 
Avg.  30 50 37.5 
SE  20 50 33.54 
 
 
Low Corn - Salmonella Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Indian Wildfire 1 50 50 150 
Downtown Leroy 2 0 100 700 
Private Nip 3 0 200 250 
Smart Balance 4 100 150 400 
Hosannah 5 0 0 150 
Avg.  30 100 330 
SE  20.00 35.36 103.20 
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Low Oats - Salmonella Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 0 0 300 
Eggs 2 0 200 0 
Kilo Wayne Venture 3 0 150 0 
Emerlaude 4 0 0 0 
Distinctive View 5 150 0 150 
Avg.  30 70 90 
SE  30 43.59 60 
 
 
Low Wheat Middlings - Salmonella Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 0 300 350 
See Paddy Run 2 150 100 0 
Friendly Fella 3 0 50 150 
Dancin Emi 4 0 100 400 
Rima 5 100 250 250 
Avg.  50 160 230 
SE  31.62 48.48 71.76 
 
 
Control - Salmonella Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
Hay Only 
S2 
Hay Only 
Run Nola Run 1 200 50 200 
Maestro Man 2 0 0 450 
Easy Pleasing 3 0 0 0 
Rancho Valencia 4 0 0 0 
Good Solution 5 0 0 0 
Avg.  40 10 130 
SE  40 10 88.88 
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Appendix KK: Clostridium perfringens Enumerations Raw Data 
 
High Corn - Clostridium perfringens Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Sweet Star 1 0 0 0 
My Boy George 2 0 100 100 
Townsend Lad 3 0 0 0 
Tonosi 4 0 0 0 
Quick Flite 5 0 0 0 
Avg.  0 20 20 
SE  0 20 20 
 
 
High Oats - Clostridium perfringens Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 0 100 0 
Moses 2 0 0 0 
Oliver Terrace 3 0 0 0 
Matty G Whiz 4 50 0 - 
WSIF 5 0 0 0 
Avg.  10 20 0 
SE  10 20 0 
 
 
Low Corn - Clostridium perfringens Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Indian Wildfire 1 0 0 0 
Downtown Leroy 2 0 0 0 
Private Nip 3 50 100 0 
Smart Balance 4 0 0 0 
Hosannah 5 0 50 0 
Avg.  10 30 0 
SE  10 20 0 
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Low Oats - Clostridium perfringens Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 0 0 0 
Eggs 2 0 0 100 
Kilo Wayne Venture 3 0 0 0 
Emerlaude 4 0 0 0 
Distinctive View 5 0 0 0 
Avg.  0 0 20 
SE  0 0 20 
 
 
Low Wheat Middlings - Clostridium perfringens Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 0 0 0 
See Paddy Run 2 50 0 0 
Friendly Fella 3 0 0 0 
Dancin Emi 4 0 50 0 
Rima 5 0 0 0 
Avg.  10 10 0 
SE  10 10 0 
 
 
Control - Clostridium perfringens Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
Hay Only 
S2 
Hay Only 
Run Nola Run 1 0 0 0 
Maestro Man 2 50 0 0 
Easy Pleasing 3 0 0 0 
Rancho Valencia 4 0 50 0 
Good Solution 5 0 0 0 
Avg.  10 10 0 
SE  10 10 0 
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Appendix LL: CDSA Enumerations Raw Data 
 
High Corn- CDSA Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Sweet Star 1 0 37500 195000 
My Boy George 2 0 33500 227000 
Townsend Lad 3 0 40000 355000 
Tonosi 4 0 47500 427000 
Quick Flite 5 0 34500 405000 
Avg.  0 38600 321800 
SE  0 2501.99 46987.66 
 
 
High Oats - CDSA Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Super T 1 0 0 0 
Moses 2 0 0 0 
Oliver Terrace 3 0 0 0 
Matty G Whiz 4 0 0 - 
WSIF 5 0 0 0 
Avg.  0 0 0 
SE  0 0 0 
 
 
Low Corn - CDSA Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Indian Wildfire 1 0 6500 39000 
Downtown Leroy 2 0 2100 37500 
Private Nip 3 0 5000 40000 
Smart Balance 4 0 3750 32500 
Hosannah 5 0 4500 43000 
Avg.  0 4370 38400 
SE  0 724.15 1727.72 
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Low Oats - CDSA Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Alyssa's Honor 1 0 0 0 
Eggs 2 0 0 0 
Kilo Wayne Venture 3 0 0 0 
Emerlaude 4 0 0 0 
Distinctive View 5 0 0 0 
Avg.  0 0 0 
SE  0 0 0 
 
 
Low Wheat Middlings - CDSA Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
50% Starch 
S2 
100% Starch 
Big Diggins 1 0 45000 64000 
See Paddy Run 2 0 33500 66500 
Friendly Fella 3 0 37500 59500 
Dancin Emi 4 0 36000 64500 
Rima 5 0 42500 64500 
Avg.  0 38900 63800 
SE  0 2117.78 1157.58 
 
 
Control - CDSA Enumerations (cfu g feces-1) 
Horse Block 
S0 
Hay Only 
S1 
Hay Only 
S2 
Hay Only 
Run Nola Run 1 0 0 0 
Maestro Man 2 0 0 0 
Easy Pleasing 3 0 0 0 
Rancho Valencia 4 0 0 0 
Good Solution 5 0 0 0 
Avg.  0 0 0 
SE  0 0 0 
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Appendix MM: CDSA Isolate Identification (16S) and Characterization Raw Data 
 
 Day Block 16S ID 
Substrate Utilization Blood 
Hemolysis Glc In Esc 
H
ig
h
 C
o
rn
 S1 
1 Enterococcus faecalis + + + None 
2 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
5 Enterococcus faecalis + + + None 
S2 
1 Enterococcus faecalis + + + None 
2 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
5 Enterococcus faecalis + + + None 
L
o
w
 C
o
rn
 
S1 
1 Enterococcus faecalis + + + None 
2 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
5 Enterococcus faecalis + + + None 
S2 
1 Enterococcus faecalis + + + None 
2 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
 5 Enterococcus faecalis + + + None 
L
o
w
 W
h
ea
t 
M
id
d
li
n
g
s 
S1 
1 Enterococcus faecalis + + + None 
2 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
 5 Enterococcus faecalis + + + None 
S2 
1 Enterococcus faecalis + + + None 
2 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
5 Enterococcus faecalis + + + None 
High Corn = 2 g starch/kg BW, Low Corn & Wheat Middlings = 1 g starch/kg BW 
S1 (50% final starch intake), S2 (100% final starch intake) 
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Appendix NN: Amylolytic Isolate Identification (16S) and Characterization Raw 
Data 
 
 Day Block 16S ID 
Substrate Utilization Blood 
Hemolysis Glc In Esc 
C
o
n
tr
o
l 
(H
a
y
 O
n
ly
) 
 
S0 
1 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
5 Enterococcus faecalis + + + None 
S1 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
5 Bisgaard Taxon 10 + + + None 
S2 
1 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
5 Enterococcus faecalis + + + None 
H
ig
h
 C
o
rn
 
 
S0 
1 Enterococcus faecalis + + + None 
3 Escherichia coli + + + None 
4 Streptococcus macedonicus + + + None 
5 Streptococcus bovis + + + None 
S1 
1 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
5 Enterococcus avium + + - None 
S2 
1 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
5 Enterococcus faecalis + + + None 
H
ig
h
 O
a
ts
 
 
S0 
1 Streptococcus macedonicus + + + None 
3 Enterococcus faecalis + + + None 
5 Enterococcus faecalis + + + None 
S1 
1 Streptococcus bovis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
S2 
1 Lactococcus lactis + + - None 
3 Enterococcus avium + + - None 
3 Streptococcus bovis + + + None 
5 Clostridium sordellii + + + None 
L
o
w
 C
o
rn
 
 
S0 
1 Lactococcus lactis + + - None 
3 Enterococcus faecalis + + + None 
5 Streptococcus macedonicus + + + None 
S1 
1 Streptococcus bovis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
5 Enterococcus avium + + - None 
S2 
1 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
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4 Enterococcus faecalis + + + None 
L
o
w
 O
a
ts
 
 
S0 
1 Streptococcus bovis + + + None 
3 Enterococcus faecalis + + + None 
5 Enterococcus faecalis + + + None 
S1 
1 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
4 Lactococcus lactis + + - None 
5 Streptococcus criceti + + + None 
S2 
1 Enterococcus avium + + - None 
3 Enterococcus faecalis + + + None 
4 Streptococcus bovis + + + Alpha 
L
o
w
 W
h
ea
t 
M
id
d
li
n
g
s 
S0 
1 Bisgaard Taxon 10 + + + None 
3 Enterococcus faecalis + + + None 
4 Streptococcus macedonicus + + + None 
5 Streptococcus bovis + + + None 
S1 
1 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
S2 
1 Enterococcus faecalis + + + None 
3 Enterococcus faecalis + + + None 
4 Enterococcus faecalis + + + None 
5 Enterococcus faecalis + + + None 
- indicates isolate was not identified and characterized 
High (HC, HO) = 2 g starch/kg BW, Low (LC, LO, LW) = 1 g starch/kg BW 
Day S0 (hay only), Day S1 (50% final starch intake), Day S2 (100% final starch intake) 
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Appendix OO: Cell Suspension Medium Protocol 
(1 Liter of Medium) 
Un-Buffered 
1. Start with 800 mL of double distilled H2O 
2. Add 40 mL of Mineral Solution #1  
3. Add 40 mL of Mineral Solution #2  
4. Add 600 mg cysteine hydrochloride 
5. Add double distilled H2O to a volume of 1 L 
6. Adjust pH to 6.7 with NaOH 
7. Autoclave 20 min at 121 °C – Liquid Cycle 
8. Remove from autoclave at 90 °C and immediately place under N2 gas 
9. Allow to cool until room temperature 
**Ready for Use** 
 
Carbonate Buffered 
1. Start with 800 mL of double distilled H2O 
2. Add 40 mL of Mineral Solution #1  
3. Add 40 mL of Mineral Solution #2  
4. Add 600 mg cysteine hydrochloride 
5. Add double distilled H2O to a volume of 1 L 
6. Adjust pH to 6.7 with NaOH 
7. Autoclave 20 min at 121 °C – Liquid Cycle 
8. Remove from autoclave at 90 °C and immediately place under CO2 gas 
9. Allow to cool until room temperature 
10. Add 4,000 mg Na2CO3 (buffer) 
**Ready for Use** 
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Appendix PP: Horse Information 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Horse Information 
Name Sex Breed Age (y) 
Moses G TB 3 
Eggs G TB 3 
Maestro Man  G TB 3 
Friendly Fella G TB 6 
Downtown Leroy G TB 5 
See Paddy Run G TB 3 
  Avg. Age 3.8 
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Appendix QQ: Fecal Cell Suspension Procedure 
 
24 Hours Before: 
1. Turn on shaking water bath (37 °C) to equilibrate to temperature over night 
2. Make anaerobic cell suspension media (~ 3 L) and allow to cool under gas on 
bench over night 
 
Morning Of: 
3. Add buffer to anaerobic cell suspension medium (if necessary) 
4. Set up blender with gassing jet 
5. Ensure that proper rotor is placed in Sorvall centrifuge and that the chamber is at 
room temperature 
 
Inoculum Collection: 
6. Fresh fecal sample collected immediately post-defecation and placed in a plastic 
bag *Avoid ground contamination* 
7. Purge bag of O2 with CO2  
8. Place in pre-warmed container (styrofoam cooler with water bags, 37 °C) 
9. Transport to laboratory (within 30 min, record transport time) 
 
Inoculum Arrives: 
10. Add 450 g of feces to 450 mL of cell suspension medium 
11. Fecal/medium mixture added to blender under appropriate gas (CO2 – carbonate 
buffered; N2 – nitrogen buffered) 
12. Add 300 mL of cell suspension medium 
13. Blend for ~3 min or until mixture is homogenous 
14. Strain fecal-medium into centrifuge bottles using cheesecloth  
*Remove large plant particles* 
15. Balance bottles for centrifugation 
16. Centrifuge homogenate at 341.6 x g, 5 min, room temperature  
*Remove small plant particles and protists* 
17. Transfer supernatants to centrifuge bottles and discard pellets 
18. Balance bottles for centrifugation 
19. Centrifuge supernatant at 25,654.3 x g, 5 min, room temperature  
*Collect prokaryotes* 
20. Discard supernatants  
21. Wash pellets by re-suspension in anaerobic cell suspension medium (100 mL, 
agitation with glass stir rod) 
22. Balance bottles for centrifugation 
23. Centrifuge supernatant at 25,654.3 x g, 10 min, room temperature  
*Collect prokaryotes* 
24. Discard supernatants 
25. Re-suspend pellets in anaerobic cell suspension medium (100 mL, agitation with 
glass stir rod) 
26. Pool suspensions into gas-sparged glass vessel (2 L with Hungate port)  
*Make sure to use appropriate gas* 
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27. Check OD600 of suspension 
28. Adjust OD600 to ~ 15 by diluting with anaerobic cell suspension medium 
29. Microscopic analysis should reveal prokaryote-sized cells with no obvious plant 
fiber or protists 
*Whole procedure (feces arrival to lab  fecal cell suspension) should take < 45 min* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
237 
Appendix RR: Grain Nutrient Analyses1 
 
DM: dry matter, DE: dietary energy, CP: crude protein, ADF: acid detergent fiber, NDF: 
neutral detergent fiber, Ca: calcium, P: phosphorus.  
1Dairy one laboratories; Ithaca, NY. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Components Corn Oats Wheat 
% DM 88.30 89.00 89.60 
% CP 9.60 11.00 13.60 
% ADF 2.80 11.30 3.50 
% NDF 7.60 20.10 10.00 
% Starch 54.60 43.00 52.50 
% WSC 2.70 1.20 3.70 
% ESC 7.10 4.00 2.40 
% Ca 0.05 0.08 0.04 
% P 0.29 0.36 0.35 
DE, Mcal/kg 3.41 3.01 3.30 
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Appendix SS: Unbuffered Fecal Cell Suspension pH Raw Data 
 
Ground Corn – Fecal Cell Suspension pH 
Starch Concentration 
(% w/v) 
Rep #1 Rep #2 Rep #3 Average 
Standard 
Error 
0 6.77 6.51 6.78 6.685 0.088 
0.1 5.63 5.94 5.62 5.727 0.104 
0.2 5.30 5.47 5.30 5.353 0.056 
0.3 5.01 5.09 5.01 5.037 0.027 
0.4 4.51 4.51 4.50 4.507 0.003 
0.5 4.17 4.17 4.18 4.173 0.003 
0.6 4.00 4.00 3.99 3.997 0.003 
0.7 3.88 3.88 3.87 3.873 0.002 
0.8 3.81 3.81 3.81 3.810 0.002 
0.9 3.77 3.77 3.76 3.763 0.002 
1.0 3.71 3.71 3.71 3.710 0.000 
1.1 3.67 3.67 3.68 3.673 0.003 
1.2 3.63 3.63 3.62 3.627 0.003 
1.3 3.67 3.67 3.66 3.663 0.002 
1.4 3.61 3.61 3.61 3.610 0.000 
1.5 3.60 3.60 3.61 3.603 0.003 
1.6 3.60 3.60 3.60 3.600 0.000 
1.7 3.59 3.59 3.58 3.587 0.003 
1.8 3.59 3.59 3.58 3.583 0.002 
1.9 3.59 3.59 3.60 3.593 0.003 
2.0 3.58 3.58 3.59 3.583 0.003 
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Ground Oats – Fecal Cell Suspension pH 
Starch Concentration 
(% w/v) 
Rep #1 Rep #2 Rep #3 Average 
Standard 
Error 
0 6.67 6.67 6.67 6.670 0.000 
0.1 5.72 5.72 5.72 5.720 0.000 
0.2 5.22 5.22 5.21 5.217 0.003 
0.3 4.98 4.98 4.98 4.980 0.000 
0.4 4.85 4.85 4.84 4.843 0.002 
0.5 4.65 4.65 4.65 4.647 0.002 
0.6 4.61 4.61 4.60 4.603 0.002 
0.7 4.52 4.52 4.52 4.517 0.002 
0.8 4.51 4.51 4.52 4.513 0.003 
0.9 4.41 4.41 4.42 4.413 0.003 
1.0 4.35 4.35 4.35 4.350 0.000 
1.1 4.35 4.35 4.35 4.347 0.002 
1.2 4.28 4.28 4.28 4.277 0.002 
1.3 4.24 4.24 4.23 4.233 0.002 
1.4 4.27 4.27 4.28 4.273 0.003 
1.5 4.21 4.21 4.21 4.207 0.002 
1.6 4.22 4.22 4.23 4.220 0.005 
1.7 4.18 4.18 4.19 4.183 0.003 
1.8 4.17 4.17 4.18 4.173 0.003 
1.9 4.16 4.16 4.17 4.163 0.003 
2.0 4.20 4.20 4.20 4.197 0.002 
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Ground Wheat – Fecal Cell Suspension pH 
Starch Concentration 
(% w/v) 
Rep #1 Rep #2 Rep #3 Average 
Standard 
Error 
0 6.75 6.75 6.76 6.753 0.003 
0.1 5.81 5.81 5.82 5.813 0.003 
0.2 5.61 5.61 5.61 5.610 0.000 
0.3 4.92 4.92 4.91 4.912 0.003 
0.4 4.89 4.89 4.88 4.887 0.003 
0.5 4.77 4.77 4.77 4.770 0.000 
0.6 4.59 4.59 4.60 4.593 0.003 
0.7 4.44 4.44 4.43 4.437 0.003 
0.8 4.31 4.31 4.31 4.310 0.000 
0.9 4.31 4.31 4.31 4.310 0.000 
1.0 4.24 4.24 4.22 4.230 0.005 
1.1 4.48 4.48 4.47 4.473 0.002 
1.2 4.46 4.46 4.46 4.460 0.000 
1.3 4.49 4.49 4.48 4.483 0.002 
1.4 4.12 4.12 4.11 4.113 0.002 
1.5 4.06 4.06 4.06 4.060 0.000 
1.6 4.04 4.04 4.04 4.040 0.000 
1.7 4.04 4.04 4.05 4.043 0.003 
1.8 4.04 4.04 4.04 4.037 0.002 
1.9 4.03 4.03 4.03 4.027 0.002 
2.0 4.02 4.02 4.03 4.023 0.003 
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Appendix TT: Unbuffered Fecal Cell Suspension fermentation end products Raw 
Data 
 
Ground Corn – Fecal Cell Suspension 24 h end-products (mM) 
 
Starch 
Concentration 
(% w/v) 
Rep #1 Rep #2 Rep #3 Average 
Standard 
Error 
Lactate 
0.1 0.0 0.0 0.0 0.00 0.00 
0.8 3.7 2.4 3.2 3.10 0.38 
1.7 6.9 4.8 6.1 5.93 0.61 
Acetate 
0.1 1.8 1.3 2.0 1.70 0.21 
0.8 0.5 0.8 0.7 0.67 0.09 
1.7 0.7 0.7 0.8 0.73 0.03 
  
Ground Oats – Fecal Cell Suspension 24 h end-products (mM) 
 
Starch 
Concentration 
(% w/v) 
Rep #1 Rep #2 Rep #3 Average 
Standard 
Error 
Lactate 
0.1 0.4 0.0 0.0 0.13 0.13 
0.8 2.2 1.8 1.7 1.90 0.15 
1.7 2.4 2.7 4.3 3.13 0.59 
Acetate 
0.1 2.1 1.5 2.4 2.00 0.26 
0.8 1.6 1.0 1.5 1.37 0.19 
1.7 1.2 1.0 1.2 1.13 0.07 
 
Ground Wheat – Fecal Cell Suspension 24 h end-products (mM) 
 
Starch 
Concentration 
(% w/v) 
Rep #1 Rep #2 Rep #3 Average 
Standard 
Error 
Lactate 
0.1 0.0 0.5 0.0 0.17 0.17 
0.8 2.0 1.9 2.1 2.00 0.06 
1.7 4.5 4.0 4.8 4.43 0.23 
Acetate 
0.1 2.1 2.9 2.4 2.47 0.23 
0.8 1.6 2.1 2.6 2.10 0.29 
1.7 2.0 2.0 2.6 2.20 0.20 
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Appendix UU: Fecal Cell Suspension Total Amylolytic Bacteria Raw Data 
 
Ground Corn (0.8% w/v starch) – Total Amylolytic Bacteria (cells mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 106 106 106 106 
2 107 108 108 7 × 107 
4 109 109 109 109 
6 109 1010 1010 7 × 109 
8 1010 1010 1010 1010 
12 1011 1011 1011 1011 
24 1011 1011 1011 1011 
 
Ground Oats (0.8% w/v starch) – Total Amylolytic Bacteria (cells mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 106 106 106 106 
2 106 106 106 106 
4 109 107 107 3.4 × 108 
6 109 108 107 3.7 × 108 
8 109 107 107 3.4 ×108 
12 108 107 107 4.0 × 107 
24 108 108 107 7.0 ×107 
 
Ground Wheat (0.8% w/v starch) – Total Amylolytic Bacteria (cells mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 106 106 106 106 
2 106 108 108 6.7 × 107 
4 107 1010 109 3.7 × 109 
6 108 1011 109 3.4 × 1010 
8 1010 1010 1010 1010 
12 109 1010 1010 7.0 × 109 
24 1010 1010 1010 1010 
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Appendix VV: Fecal Cell Suspension Lactobacilli Raw Data 
 
Ground Corn (0.8% w/v starch) – Lactobacilli (cfu mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 78500 80000 63000 73833.3 
2 98000 89000 100000 95666.7 
4 270000 325000 440000 345000 
6 270000 320000 400000 330000 
8 2400 2000 1250 1883.3 
12 1350 1200 1200 1250 
24 1000 1200 1200 1133.3 
 
Ground Oats (0.8% w/v starch) – Lactobacilli (cfu mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 78500 80000 63000 73833.3 
2 70000 65000 42500 59166.7 
4 79000 87000 96000 87333.3 
6 73000 86500 90000 83166.7 
8 31000 27000 24500 27500 
12 10000 50000 50000 36666.7 
24 190000 235000 240000 221666.7 
 
Ground Wheat (0.8% w/v starch) – Lactobacilli (cfu mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 78500 80000 63000 73833.3 
2 490000 550000 550000 530000 
4 490000 520000 520000 510000 
6 98000 100000 100000 99333.3 
8 82000 82000 82000 82000 
12 60500 62000 61500 61333.3 
24 23000 25000 23500 23833.3 
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Appendix WW: Fecal Cell Suspension Group D Gram-positive Cocci (GPC) Raw 
Data 
 
Ground Corn (0.8% w/v starch) – GPC (cfu mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 22000 22000 22000 22000 
2 210000 210000 320000 246666.7 
4 260000 260000 400000 306666.7 
6 2100000 2100000 3000000 2400000 
8 2650000 2650000 3000000 2766667 
12 2650000 2650000 3250000 2850000 
24 2600000 2600000 3000000 2733333 
 
Ground Oats (0.8% w/v starch) – GPC (cfu mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 22000 32000 32000 28666.7 
2 48500 50000 35000 44500 
4 860000 75000 75000 336666.7 
6 1500000 1250000 1350000 1366667 
8 1450000 1450000 13700000 5533333 
12 280000 300000 245000 275000 
24 200000 200000 180000 193333.3 
 
Ground Wheat (0.8% w/v starch) – GPC (cfu mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 22000 32000 32000 28666.67 
2 53500 54500 55000 54333.33 
4 475000 475000 500000 483333.3 
6 1850000 1900000 2000000 1916667 
8 720000 720000 800000 746666.7 
12 720000 720000 750000 730000 
24 190000 200000 720000 370000 
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Appendix XX: Fecal Cell Suspension Predominant Amylolytic Isolates  
 
Ground Corn (0.8% w/v starch) – Predominant Amylolytic Isolates 
 16S Gene Sequence Identity Inulin Esculin 
Blood 
Hemolysis 
Rep #1 Enterococcus faecalis + + None 
Rep #2 Enterococcus faecalis + + None 
Rep #3 Enterococcus faecalis + + None 
 
Ground Oats (0.8% w/v starch) – Predominant Amylolytic Isolates 
 16S Gene Sequence Identity Inulin Esculin 
Blood 
Hemolysis 
Rep #1 Streptococcus bovis + + None 
Rep #2 Streptococcus bovis + + None 
Rep #3 Streptococcus bovis + + None 
 
Ground Wheat (0.8% w/v starch) – Predominant Amylolytic Isolates 
 
16 S Gene Sequence 
Identity 
Inulin Esculin 
Blood 
Hemolysis 
Rep #1 Enterococcus faecalis + + None 
Rep #2 Enterococcus faecalis + + None 
Rep #3 Enterococcus faecalis + + None 
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Appendix YY: Fecal Cell Suspension Total Lactate-Utilizing Bacteria Raw Data 
 
Ground Corn (0.8% w/v starch) – Total Lactate-Utilizing Bacteria (cfu mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 6150000 7000000 6150000 6433333 
2 1310000 1250000 1370000 1310000 
4 28000 27400 28000 27800 
6 26500 26500 26500 26500 
8 15000 13500 15000 14500 
12 29000 13000 29000 23666.7 
24 21000 22500 21000 21500 
 
Ground Oats (0.8% w/v starch) – Total Lactate-Utilizing Bacteria (cfu mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 6150000 7000000 6150000 6433333 
2 133000000 150000000 145000000 143000000 
4 1270000 1225000 1265000 1253333 
6 27000000 26500000 25500000 26333333 
8 31000000 40000000 31000000 34000000 
12 66000000 66500000 65000000 65833333 
24 17000000 17000000 17000000 17000000 
 
Ground Wheat (0.8% w/v starch) – Total Lactate-Utilizing Bacteria (cfu mL-1) 
Time Point (h) Rep #1 Rep #2 Rep #3 Average 
0 6150000 7000000 6150000 6433333 
2 13300000 125000000 132500000 13000000 
4 1900000 1875000 1800000 1858333 
6 2100000 2320000 2100000 2173333 
8 1800000 1749000 1800000 1783000 
12 360000 360000 360000 360000 
24 210000 210000 225000 215000 
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Appendix ZZ: Fecal Cell Suspension In vitro Gas Production Raw Data 
 
 Ground Corn – Fecal Cell Suspension In vitro Gas Production 
Gas 
Production 
(psi) 
Starch 
Concentratio
n (% w/v) 
Rep 
#1 
Rep 
#2 
Rep #3 
Rep 
#4 
Average 
Standar
d Error 
12 h 
0.1 0.60 1.38 0.82 2.29 1.27 0.38 
0.8 7.19 7.19 7.35 7.55 7.32 0.09 
1.7 8.39 9.32 9.61 9.68 9.25 0.30 
24 h 
0.1 2.58 2.76 1.44 2.84 2.41 0.33 
0.8 16.94 11.66 16.48 16.10 15.30 1.22 
1.7 18.87 25.98 20.92 19.74 21.38 1.59 
Rate of GP 
(psi h-1) 
0.1 0.14 0.14 0.14 0.13 0.14 0.00 
0.8 1.03 0.99 0.93 0.84 0.95 0.04 
1.7 1.09 1.17 1.23 1.17 1.17 0.03 
  
 Ground Oats – Fecal Cell Suspension In vitro Gas Production 
Gas 
Production 
(psi) 
Starch 
Concentration 
(% w/v) 
Rep 
#1 
Rep 
#2 
Rep 
#3 
Rep 
#4 
Average 
Standard 
Error 
12 h 
0.1 2.04 2.09 2.27 2.97 2.34 0.21 
0.8 6.19 9.79 8.28 11.21 8.87 1.07 
1.7 12.59 13.08 12.25 15.88 13.45 0.83 
24 h 
0.1 5.04 4.95 5.46 5.97 5.35 0.23 
0.8 31.31 26.37 25.15 32.81 28.91 1.86 
1.7 33.28 33.86 39.67 40.72 36.88 1.93 
Rate of GP 
(psi h-1) 
0.1 0.23 0.26 0.24 0.39 0.28 0.04 
0.8 1.95 1.47 1.64 2.04 1.78 0.13 
1.7 2.01 2.16 2.68 2.75 2.40 0.19 
 
 Ground Wheat – Fecal Cell Suspension In vitro Gas Production 
Gas 
Production 
(psi) 
Starch 
Concentration 
(% w/v) 
Rep 
#1 
Rep 
#2 
Rep 
#3 
Rep 
#4 
Average 
Standard 
Error 
12 h 
0.1 1.06 0.89 2.27 1.22 1.36 0.31 
0.8 6.79 5.06 10.55 6.35 7.19 1.18 
1.7 13.96 14.37 11.35 14.81 13.62 0.78 
24 h 
0.1 3.22 3.69 2.97 4.18 3.52 0.27 
0.8 24.29 22.78 23.11 19.60 22.44 1.00 
1.7 27.98 31.19 29.31 29.69 29.54 0.66 
Rate of GP 
(psi h-1) 
0.1 0.17 0.20 0.12 0.25 0.19 0.03 
0.8 1.47 1.08 1.14 1.50 1.30 0.11 
1.7 1.83 1.87 1.88 1.91 1.87 0.02 
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Appendix AAA: Effect of Substrate on Growth of Pure Culture Amylolytics (OD600, 
14 h) Raw Data 
 
Enterococcus faecalis (1.0% w/v) – OD600, 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 3.81 3.82 3.82 3.81 0.0033 
Soluble Starch 0.53 0.53 0.52 0.53 0.0033 
Short Chain Inulin 4.45 4.45 4.45 4.45 0.0000 
Long Chain Inulin 0.47 0.46 0.46 0.47 0.0033 
 
 
Streptococcus bovis  (1.0% w/v) – OD600, 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 3.41 3.41 3.41 3.41 0.0000 
Soluble Starch 8.60 8.60 8.60 8.60 0.0000 
Short Chain Inulin 9.79 9.78 9.84 9.80 0.0186 
Long Chain Inulin 0.43 0.43 0.43 0.43 0.0000 
 
 
Lactobacillus reuteri (1.0% w/v) – OD600, 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 3.52 3.52 3.52 3.52 0.0000 
Soluble Starch 1.12 1.12 1.12 1.12 0.0000 
Short Chain Inulin 0.83 0.82 0.82 0.82 0.0033 
Long Chain Inulin 0.71 0.72 0.72 0.72 0.0033 
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Appendix BBB: Effect of Substrate on the pH of Pure Culture Amylolytic 
Fermentations at 14 h Raw Data 
 
 
Enterococcus faecalis (1.0% w/v) – pH, 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 6.21 6.24 6.22 6.22 0.009 
Soluble Starch 6.53 6.53 6.52 6.53 0.003 
Short Chain Inulin 5.56 5.57 5.56 5.56 0.003 
Long Chain Inulin 6.67 6.65 6.69 6.67 0.012 
Corn Starch 4.62 4.67 4.62 4.64 0.017 
 
 
Streptococcus bovis  (1.0% w/v) – pH, 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 6.27 6.28 6.27 6.27 0.003 
Soluble Starch 4.56 4.58 4.56 4.57 0.007 
Short Chain Inulin 4.42 4.44 4.42 4.43 0.007 
Long Chain Inulin 6.61 6.62 6.61 6.61 0.003 
Corn Starch 5.68 5.62 5.62 5.64 0.020 
 
 
Lactobacillus reuteri (1.0% w/v) – pH, 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 5.88 5.89 5.88 5.88 0.003 
Soluble Starch 6.44 6.44 6.42 6.43 0.007 
Short Chain Inulin 6.57 6.56 6.54 6.56 0.009 
Long Chain Inulin 6.72 6.72 6.71 6.72 0.003 
Corn Starch 5.77 5.75 5.75 5.76 0.007 
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Appendix CCC: Effect of Substrate on Lactate Production by Pure Culture 
Amylolytics (mM, 14 h) Raw Data 
 
Enterococcus faecalis (1.0% w/v) – Lactate (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 8.8 8.8 8.3 8.63 0.167 
Soluble Starch trace Trace Trace Trace N/A 
Short Chain Inulin 4.5 4.3 3.8 4.20 0.208 
Long Chain Inulin trace Trace Trace Trace N/A 
Corn Starch 19.0 19.0 14.0 17.33 1.667 
 
 
Streptococcus bovis  (1.0% w/v) – Lactate (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 8.8 8.8 8.8 8.80 0.000 
Soluble Starch 18.0 18.0 17.0 17.67 0.333 
Short Chain Inulin 15.0 19.0 19.0 17.67 1.333 
Long Chain Inulin 2.0 1.8 2.0 1.93 0.067 
Corn Starch 9.5 10.0 9.8 9.77 0.145 
 
 
Lactobacillus reuteri (1.0% w/v) – Lactate (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 8.5 5.3 8.8 7.53 1.120 
Soluble Starch 4.5 5.5 4.8 4.93 0.296 
Short Chain Inulin 1.0 0.9 1.0 0.97 0.033 
Long Chain Inulin trace Trace Trace trace N/A 
Corn Starch trace Trace Trace trace N/A 
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Appendix DDD: Effect of Substrate on Formate Production by Pure Culture 
Amylolytics (mM, 14 h) Raw Data 
 
Enterococcus faecalis (1.0% w/v) – Formate (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 2.6 2.6 2.4 2.53 0.067 
Soluble Starch 5.5 5.5 5.5 5.50 0.000 
Short Chain Inulin 9.7 9.4 8.7 9.27 0.296 
Long Chain Inulin Trace Trace Trace trace N/A 
Corn Starch 2.1 2.1 1.5 1.90 0.200 
 
 
Streptococcus bovis  (1.0% w/v) – Formate (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 1.7 1.7 1.7 1.70 0.000 
Soluble Starch 2.2 2.2 2.2 2.20 0.000 
Short Chain Inulin 1.9 2.4 1.5 1.93 0.260 
Long Chain Inulin 1.7 1.5 1.7 1.63 0.067 
Corn Starch 6.9 7.1 6.9 6.97 0.067 
 
 
Lactobacillus reuteri (1.0% w/v) – Formate (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 5.7 3.5 6.1 5.10 0.808 
Soluble Starch 1.0 1.0 1.0 1.00 0.000 
Short Chain Inulin Trace Trace Trace trace N/A 
Long Chain Inulin Trace Trace Trace trace N/A 
Corn Starch Trace Trace 1.0 trace N/A 
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Appendix EEE: Effect of Substrate on Acetate Production by Pure Culture 
Amylolytics (mM, 14 h) Raw Data 
 
Enterococcus faecalis (1.0% w/v) – Acetate (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 2.6 2.6 2.5 2.57 0.033 
Soluble Starch 5.3 5.3 5.2 5.27 0.033 
Short Chain Inulin 10.5 10.0 9.1 9.87 0.410 
Long Chain Inulin 1.7 1.7 1.7 1.70 0.000 
Corn Starch 1.9 1.9 1.3 1.70 0.200 
 
 
Streptococcus bovis  (1.0% w/v) – Acetate (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 1.6 1.4 1.4 1.47 0.067 
Soluble Starch 1.9 1.9 1.7 1.83 0.067 
Short Chain Inulin 2.2 2.9 2.8 2.63 0.219 
Long Chain Inulin 1.4 1.2 1.4 1.33 0.067 
Corn Starch 5.3 5.9 5.3 5.50 0.200 
 
 
Lactobacillus reuteri (1.0% w/v) – Acetate (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 4.9 2.9 5.0 4.27 0.684 
Soluble Starch 1.7 2.0 1.9 1.87 0.088 
Short Chain Inulin 2.8 1.7 2.9 2.47 0.384 
Long Chain Inulin trace Trace Trace trace N/A 
Corn Starch 1.7 1.7 1.7 1.70 0.000 
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Appendix FFF: Effect of Substrate on Ethanol Production by Pure Culture 
Amylolytics (mM, 14 h) Raw Data 
 
Enterococcus faecalis (1.0% w/v) – Ethanol (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 1.2 Trace 1.2 trace N/A 
Soluble Starch 2.9 2.9 2.6 2.80 0.100 
Short Chain Inulin 16.0 16.0 14.0 15.33 0.667 
Long Chain Inulin Trace Trace Trace trace N/A 
Corn Starch Trace Trace Trace trace N/A 
 
 
Streptococcus bovis  (1.0% w/v) – Ethanol (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose Trace Trace Trace trace N/A 
Soluble Starch Trace Trace Trace trace N/A 
Short Chain Inulin Trace Trace Trace trace N/A 
Long Chain Inulin Trace Trace Trace trace N/A 
Corn Starch 10.0 11.3 11.0 10.77 0.393 
 
 
Lactobacillus reuteri (1.0% w/v) – Ethanol (mM), 14 h of incubation 
Substrate Rep #1 Rep #2 Rep #3 Average SE 
Glucose 11.0 5.7 10.3 9.00 1.662 
Soluble Starch 1.9 1.9 1.9 1.90 0.000 
Short Chain Inulin Trace Trace Trace trace N/A 
Long Chain Inulin Trace Trace Trace trace N/A 
Corn Starch Trace 0.0 Trace trace N/A 
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Appendix GGG: Effect of pH on total growth of Pure Culture Amylolytics (OD600, 
14 h) Raw Data 
 
Enterococcus faecalis  (1.0% w/v) – OD600, 14 h 
pH Rep #1 Rep #2 Rep #3 
7.5 3.817 3.821 3.819 
7.0 3.814 3.812 3.815 
6.5 3.812 3.812 3.812 
6.0 3.815 3.816 3.814 
5.5 3.814 3.815 3.814 
5.0 3.817 3.817 3.816 
4.5 3.452 3.455 3.454 
4.0 3.103 3.1 3.102 
3.5 No Growth No Growth No Growth 
3.0 No Growth No Growth No Growth 
 
 
Streptococcus bovis  (1.0% w/v) – OD600, 14 h 
pH Rep #1 Rep #2 Rep #3 
7.5 3.418 3.416 3.417 
7.0 3.42 3.423 3.421 
6.5 3.41 3.41 3.413 
6.0 3.418 3.418 3.419 
5.5 3.418 3.415 3.419 
5.0 3.416 3.416 3.413 
4.5 2.424 2.428 2.426 
4.0 No Growth No Growth No Growth 
3.5 No Growth No Growth No Growth 
3.0 No Growth No Growth No Growth 
 
Lactobacillus reuteri  (1.0% w/v) – OD600, 14 h 
pH Rep #1 Rep #2 Rep #3 
7.5 3.521 3.519 3.518 
7.0 3.525 3.522 3.524 
6.5 3.522 3.522 3.522 
6.0 3.518 3.521 3.517 
5.5 3.519 3.521 3.52 
5.0 3.52 3.518 3.517 
4.5 3.52 3.522 3.521 
4.0 3.523 3.528 3.526 
3.5 No Growth No Growth No Growth 
3.0 No Growth No Growth No Growth 
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Appendix HHH: Effect of Pre-incubation with Culture Supernatant on the Lag 
Time of Growth of Pure Culture Amylolytics (h) Raw Data 
 
Enterococcus faecalis (1.0% w/v Glucose) – Lag Time (h) 
Supernatant Rep #1 Rep #2 Rep #3 Average SE 
N/A 1 1 1 1 0 
Streptococcus bovis 5 5 5 5 0 
Lactobacillus reuteri 14 14 14 14 0 
 
 
 
Streptococcus bovis (1.0% w/v Glucose) – Lag Time (h) 
Supernatant Rep #1 Rep #2 Rep #3 Average SE 
N/A 4 4 4 4 0 
Enterococcus faecalis 8 8 8 8 0 
Lactobacillus reuteri 14 14 14 14 0 
 
 
 
Lactobacillus reuteri  (1.0% w/v Glucose) – Lag Time (h) 
Supernatant Rep #1 Rep #2 Rep #3 Average SE 
N/A 0 0 0 0 0 
Streptococcus bovis 4 4 4 4 0 
Enterococcus faecalis 5 5 5 5 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
256 
Appendix III: Effect of Pre-incubation with Culture Supernatant on Growth (OD600, 
14 h) of Pure Culture Amylolytics Raw Data 
 
Enterococcus faecalis (1.0% w/v Glucose) – OD600, 14 h of incubation 
Supernatant Rep #1 Rep #2 Rep #3 Average SE 
N/A 3.805 3.819 3.820 3.815 0.0048 
Streptococcus bovis 0.318 0.318 0.312 0.316 0.0020 
Lactobacillus reuteri 0.057 0.056 0.057 0.057 0.0003 
 
 
 
Streptococcus bovis (1.0% w/v Glucose) – OD600, 14 h of incubation 
Supernatant Rep #1 Rep #2 Rep #3 Average SE 
N/A 3.411 3.412 3.410 3.411 0.0006 
Enterococcus faecalis 0.142 0.143 0.142 0.142 0.0003 
Lactobacillus reuteri 0.057 0.056 0.056 0.056 0.0003 
 
 
 
Lactobacillus reuteri  (1.0% w/v Glucose) – OD600, 14 h of incubation 
Supernatant Rep #1 Rep #2 Rep #3 Average SE 
N/A 3.519 3.520 3.518 3.519 0.0006 
Streptococcus bovis 0.223 0.222 0.223 0.223 0.0003 
Enterococcus faecalis 0.212 0.222 0.212 0.215 0.0033 
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Appendix JJJ: Horse Information 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Horse Information 
  Sex Breed Age (y) 
Private Nip G TB 16 
Easy Pleasing G SB  17 
Oliver Terrace G TB 7 
Townsend Lad G TB 6 
Friendly Fella G TB 6 
Downtown Leroy G TB 5 
Kilo Wayne Venture G QH 17 
  Avg. Age 10.6 
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Appendix KKK: Grass Round Bale Nutrient Analyses1 
 
DM: dry matter, DE: dietary energy, CP: crude protein, ADF: acid detergent fiber, NDF: 
neutral detergent fiber, Ca: calcium, P: phosphorus.  
1Dairy one laboratories; Ithaca, NY. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Components Sample #1 Sample #2 
% DM 91.10 90.20 
% CP 9.40 8.90 
% ADF 36.70 36.90 
% NDF 59.80 59.90 
% Starch 0.50 0.40 
% WSC 8.50 8.90 
% ESC 5.10 4.80 
% Ca 0.47 0.45 
% P 0.32 0.33 
DE, Mcal/kg 1.83 1.80 
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Appendix LLL: Starch Disappearance Protocol 
 
1 M Acetate Buffer 
per liter  
Sodium acetate   136.1 g 
Glacial acetic acid   22.2 mL 
-dissolve sodium acetate and acetic acid in 600 mL of H2O 
-adjust pH to 5.0 with HCl or NaOH and bring to volume of 1 L 
 
0.05 M Acetate Buffer 
per liter  
Sodium acetate   6.805 g 
Glacial acetic acid   1.11 mL 
-dissolve sodium acetate and acetic acid in 600 mL of H2O 
-adjust pH to 5.0 with HCl or NaOH and bring to volume of 1 L 
 
Amyloglucosidase Solution 
per liter  
Amyloglucosidase   10 g 
-dissolve amyloglucosidase in 1 L of H2O 
 
NADP Solution 
per liter  
NADP-Na2H    10 g 
-dissolve NADP-Na2H in 1 L of H2O 
 
ATP Solution 
per liter  
ATP-Na2H2    50 g 
NaHCO3    50 g 
-dissolve ATP-Na2H2 and NaHCO3 in 1 L of H2O 
 
Triethanolamine Hydrochloride Buffer 
per liter  
Triethanolamine hydrochloride 140 g 
MgSO4 * 7 H2O   2.5 g 
-dissolve triethanolamine hydrochloride and MgSO4 * 7 H2O in 600 mL of H2O 
-adjust pH to 7.6 with NaOH and bring to volume of 1 L 
 
Prior To 
Prepare all solutions as listed above 
Day Of 
For each incubation time point the respective tubes are removed and used to determine 
starch concentration using the following procedure:  
1. Add 1:1 addition of cold (4 °C) 1 M acetate buffer (pH 5.0) and 200 µL of -
amylase to each tube 
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2. Incubate in the boiling water bath at 100 °C for 90 min 
Step 1 & 2 stop fermentation and allow for partial hydrolysis of starch*  
3. Centrifuge tubes for 10 min at 3000 x g 
4. Take a 50 µL aliquot from the supernatant and freeze (-20 °C) for later analysis 
Later Analysis 
5. Thaw samples  
6. Add 40 µL of amyloglucosidase and 200 µL of 0.05 M acetate buffer 
7. Incubate samples in a 60 °C water bath for 60 min 
Step 6 and 7 completely degrade the starch to glucose* 
8. Dispense 50 µL of the sample into a cuvette 
9. Add 50 µL NADP, 50 µL ATP and 1.45 mL triethanolamine hydrochloride 
buffer 
10. Mix and incubate at room temperature for 5 min 
11. Measure the absorbance of NADPH in the spectrophotometer at 340 nm (abs1) 
12. Add 100 µL hexokinase/glucose-6-phosphate dehydrogenase 
13. Mix and incubate at room temperature for 15 min 
14. Measure the absorbance of NADPH in the spectrophotometer at 340 nm (abs2) 
* The Δabs is directly proportional to the glucose concentration in the sample 
before the reaction* 
Standards 
1. Standard stock solution: Add 1.0 g dextrose to 50 mL of H2O in a 100 mL flask. 
Dissolve and fill to volume with H2O. (10 mg/mL) 
2. Working standards: Add appropriate amounts of stock solution to 100 mL 
volumetric flasks. Fill to volume with H2O 
 
 
 
mL stock/100 mL  mg/mL glucose 
0.5    0.05   
1    0.1 
2    0.2 
3    0.3 
4    0.4 
5     0.5 
10     1.0 
15    1.5 
20    2.0 
25    2.5 
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Calculations 
Δabs = (abs2sample – abs1sample) – (abs2blank – abs1blank) 
 
C = V x MW x Δabs / e x d x v x 1000 
C: glucose concentration (mg / mL) 
V: volume of the cuvette (mL) 
MW: molecular weight of glucose (180.16 g) 
e: molar absorbance for NADPH at 340 nm (6.3) 
d: the light path of the cuvette (1 cm) 
v: is the volume of the added sample (mL) 
 
*The amount of starch in the sample is calculated from the glucose concentration, 
and dilutions, by converting free glucose to starch by multiplying by 0.9 
 
*The amount of starch remaining is then divided by the amount of starch in the 
respective feeds before incubation 
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Appendix MMM: Unbuffered Fecal Cell Suspension pH Raw Data 
 
Ground Corn – Fecal Cell Suspension pH 
Starch Concentration 
(% w/v) 
Rep #1 Rep #2 Rep #3 Average 
Standard 
Error 
0 5.64 5.64 5.60 5.63 0.01 
0.2 5.18 5.22 5.18 5.19 0.01 
0.4 4.82 4.80 4.84 4.82 0.01 
0.6 4.37 4.50 4.51 4.46 0.05 
0.8 4.26 4.34 4.27 4.29 0.03 
1.0 4.00 4.02 4.05 4.02 0.01 
1.2 3.84 3.94 3.87 3.88 0.03 
1.4 3.72 3.72 3.70 3.71 0.01 
1.6 3.51 3.55 3.57 3.54 0.02 
1.8 3.52 3.55 3.55 3.54 0.01 
2.0 3.55 3.57 3.55 3.56 0.01 
 
Ground Oats – Fecal Cell Suspension pH 
Starch Concentration 
(% w/v) 
Rep #1 Rep #2 Rep #3 Average 
Standard 
Error 
0 5.64 5.64 5.60 5.63 0.01 
0.2 5.20 5.20 5.15 5.18 0.02 
0.4 5.18 5.12 5.12 5.14 0.02 
0.6 5.00 5.00 5.05 5.02 0.02 
0.8 4.80 4.75 4.78 4.78 0.01 
1.0 4.54 4.49 4.51 4.51 0.01 
1.2 4.48 4.43 4.37 4.43 0.03 
1.4 4.36 4.37 4.40 4.38 0.01 
1.6 4.36 4.38 4.40 4.38 0.01 
1.8 4.35 4.37 4.38 4.37 0.01 
2.0 4.34 4.38 4.40 4.37 0.02 
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Ground Wheat – Fecal Cell Suspension pH 
Starch Concentration 
(% w/v) 
Rep #1 Rep #2 Rep #3 Average 
Standard 
Error 
0 5.64 5.64 5.60 5.63 0.01 
0.2 5.10 5.14 5.13 5.12 0.01 
0.4 5.01 5.04 5.02 5.02 0.01 
0.6 4.96 5.00 5.00 4.99 0.01 
0.8 4.60 4.65 4.70 4.65 0.03 
1.0 4.43 4.51 4.55 4.50 0.04 
1.2 4.61 4.64 4.72 4.66 0.03 
1.4 4.12 4.20 4.22 4.18 0.03 
1.6 4.08 4.12 4.24 4.15 0.05 
1.8 4.10 4.14 4.20 4.15 0.03 
2.0 4.07 4.12 4.20 4.13 0.04 
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Appendix NNN: Effect of Exogenous Lactobacilli Concentration on Fecal Cell 
Suspension pH Raw Data 
 
Ground Corn (1.6% w/v starch) – pH 
Lactobacilli Conc. Rep #1 Rep #2 Rep #3 Average 
N/A  N/A 3.58 3.62 3.64 3.61 
L. acidophilus 102 3.61 3.61 3.61 3.61 
L. acidophilus 104 3.58 3.55 3.55 3.56 
L. acidophilus 106 3.69 3.68 3.65 3.67 
L. acidophilus 108 3.73 3.73 3.79 3.75 
L. buchneri 102 3.62 3.64 3.62 3.63 
L. buchneri 104 3.68 3.70 3.70 3.69 
L. buchneri 106 3.63 3.65 3.61 3.63 
L. buchneri 108 3.75 3.77 3.75 3.76 
L. reuteri 102 3.74 3.77 3.75 3.75 
L. reuteri 104 3.65 3.64 3.67 3.65 
L. reuteri 106 3.62 3.63 3.60 3.62 
L. reuteri 108 3.84 3.89 3.88 3.87 
All 102 3.59 3.56 3.56 3.57 
All 104 3.56 3.57 3.57 3.57 
All 106 3.60 3.62 3.60 3.61 
All 108 3.75 3.71 3.73 3.73 
 
Ground Oats (1.6% w/v starch) – pH 
Lactobacilli Conc. Rep #1 Rep #2 Rep #3 Average 
N/A  N/A 4.23 4.21 4.20 4.21 
L. acidophilus 102 4.27 4.25 4.25 4.26 
L. acidophilus 104 4.26 4.24 4.23 4.24 
L. acidophilus 106 4.34 4.34 4.33 4.34 
L. acidophilus 108 4.39 4.40 4.40 4.40 
L. buchneri 102 4.32 4.26 4.26 4.28 
L. buchneri 104 4.26 4.25 4.25 4.25 
L. buchneri 106 4.24 4.24 4.24 4.24 
L. buchneri 108 4.39 4.35 4.38 4.37 
L. reuteri 102 4.28 4.24 4.25 4.26 
L. reuteri 104 4.26 4.28 4.30 4.28 
L. reuteri 106 4.27 4.28 4.32 4.29 
L. reuteri 108 4.34 4.36 4.36 4.35 
All 102 4.27 4.25 4.26 4.26 
All 104 4.27 4.24 4.24 4.25 
All 106 4.28 4.24 4.28 4.27 
All 108 4.37 4.33 4.34 4.35 
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Ground Wheat (1.6% w/v starch) – pH 
Lactobacilli Conc. Rep #1 Rep #2 Rep #3 Average 
N/A  N/A 4.15 4.09 4.07 4.10 
L. acidophilus 102 4.07 4.05 4.03 4.05 
L. acidophilus 104 4.17 4.15 4.13 4.15 
L. acidophilus 106 4.17 4.20 4.20 4.19 
L. acidophilus 108 4.20 4.17 4.22 4.20 
L. buchneri 102 4.12 4.11 4.12 4.12 
L. buchneri 104 4.11 4.12 4.09 4.11 
L. buchneri 106 4.22 4.24 4.21 4.22 
L. buchneri 108 4.23 4.23 4.23 4.23 
L. reuteri 102 4.19 4.20 4.20 4.20 
L. reuteri 104 4.19 4.18 4.20 4.19 
L. reuteri 106 4.18 4.17 4.18 4.18 
L. reuteri 108 4.33 4.32 4.30 4.32 
All 102 4.15 4.15 4.16 4.15 
All 104 4.05 4.05 4.06 4.05 
All 106 4.15 4.12 4.11 4.13 
All 108 4.18 4.19 4.22 4.20 
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Appendix OOO: Effect of Exogenous Lactobacilli on Fecal Cell Suspension pH Raw 
Data 
 
Ground Corn (1.6% w/v starch) – pH 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A (No Substrate) 6.95 7.18 6.89 7.01 
N/A 5 5.02 4.99 5.00 
L. acidophilus 6.16 6.06 6.02 6.08 
L. buchneri 5.76 5.84 5.93 5.84 
L. reuteri 6.2 6.19 6.2 6.20 
All 5.8 5.78 6.02 5.87 
L. acidophilus (Dead) 6.02 6.07 6.07 6.05 
L. buchneri (Dead) 5.98 5.93 6.08 6.00 
L. reuteri (Dead) 6.22 6.14 6.15 6.17 
All (Dead) 5.89 5.75 5.88 5.84 
 
Ground Oats (1.6% w/v starch) – pH 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A 5.67 5.62 5.61 5.63 
L. acidophilus 5.83 5.78 5.79 5.80 
L. buchneri 5.62 5.82 5.69 5.71 
L. reuteri 5.88 5.89 6.01 5.93 
All 5.57 5.51 5.57 5.55 
 
Ground Wheat (1.6% w/v starch) – pH 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A 5.67 5.28 5.28 5.41 
L. acidophilus 5.83 5.88 5.78 5.83 
L. buchneri 5.62 5.78 5.75 5.72 
L. reuteri 5.88 5.77 5.75 5.80 
All 5.57 5.68 5.65 5.63 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
267 
Appendix PPP: Total Amylolytic Bacteria Enumerations Raw Data 
 
Ground Corn (1.6% w/v starch) – Total Amylolytic Bacteria (cells mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A (No Substrate) 105 105 105 105 
N/A 1011 1011 1011 1011 
L. acidophilus 108 107 107 107 
L. buchneri 107 107 106 7 × 106 
L. reuteri 107 106 106 4 × 106 
All 108 108 107 7 × 107 
L. acidophilus (Dead) 107 107 107 107 
L. buchneri (Dead) 107 107 106 7 × 106 
L. reuteri (Dead) 107 106 106 4 × 106 
All (Dead) 107 107 106 7 × 106 
 
Ground Oats (1.6% w/v starch) – Total Amylolytic Bacteria (cells mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A 107 107 107 107 
L. acidophilus 106 106 106 106 
L. buchneri 106 106 106 106 
L. reuteri 106 106 106 106 
All 106 107 107 7 × 106 
 
Ground Wheat (1.6% w/v starch) – Total Amylolytic Bacteria (cells mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A 108 109 109 7 × 108 
L. acidophilus 109 109 109 109 
L. buchneri 107 107 107 107 
L. reuteri 106 106 106 106 
All 108 108 108 108 
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Appendix QQQ: Total Group D Gram-positive Cocci (GPC) Enumerations Raw 
Data 
 
Ground Corn (1.6% w/v starch) – GPC Enumerations (cfu mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A (No Substrate) 17000000 17000000 18000000 1733333.33 
N/A 635000000 380000000 645000000 553333333.30 
L. acidophilus 37000000 21000000 30500000 29500000 
L. buchneri 18000000 32500000 19500000 23333333.33 
L. reuteri 3700000 3200000 2950000 3283333.33 
All 19000000 26000000 28000000 24333333.33 
L. acidophilus (Dead) 19000000 28000000 28000000 25000000 
L. buchneri (Dead) 8200000 6350000 8300000 7616666.67 
L. reuteri (Dead) 4550000 1750000 2400000 2900000 
All (Dead) 6800000 6900000 7450000 7050000 
 
Ground Oats (1.6% w/v starch) – GPC Enumerations (cfu mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A 2100000 3100000 2350000 2516666.67 
L. acidophilus 1900000 1850000 1900000 1883333.33 
L. buchneri 1800000 1950000 1750000 1833333.33 
L. reuteri 190000 210000 330000 243333.33 
All 1900000 2100000 3450000 2483333.33 
 
Ground Wheat (1.6% w/v starch) – GPC Enumerations (cfu mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A 76000000 68000000 87000000 77000000 
L. acidophilus 41000000 64000000 84000000 63000000 
L. buchneri 24500000 23500000 28000000 25333333.33 
L. reuteri 2700000 3450000 3900000 3350000 
All 28000000 16000000 19000000 21000000 
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Appendix RRR: Total Lactobacilli Enumerations Raw Data 
 
Ground Corn (1.6% w/v starch) – Lactobacilli Enumerations (cfu mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A (No Substrate) 310000 310000 330000 316666.67 
N/A 72000 66000 61000 66333.33 
L. acidophilus 3900000 4000000 3400000 3766666.67 
L. buchneri 4050000 5800000 5700000 5183333.33 
L. reuteri 20000000 16000000 19000000 18333333.33 
All 640000 790000 780000 736666.67 
L. acidophilus (Dead) 3600000 7900000 2550000 4683333.33 
L. buchneri (Dead) 1345000 1600000 1230000 1391666.67 
L. reuteri (Dead) 21000000 18000000 23000000 20666666.67 
All (Dead) 330000 320000 190000 280000 
 
Ground Oats (1.6% w/v starch) – Lactobacilli Enumerations (cfu mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A 61500000 49500000 46500000 52500000 
L. acidophilus 76500000 66500000 94500000 79166666.67 
L. buchneri 92000000 82000000 72000000 82000000 
L. reuteri 134500000 132500000 132000000 133000000 
All 17500000 19500000 19000000 18666666.67 
 
Ground Wheat (1.6% w/v starch) – Lactobacilli Enumerations (cfu mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A 695000 640000 445000 593333.33 
L. acidophilus 42500000 43000000 29000000 38166666.67 
L. buchneri 23000000 24000000 22500000 23166666.67 
L. reuteri 110500000 139000000 110500000 120000000 
All 9400000 8500000 9900000 9266666.67 
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Appendix SSS: Total Lactate-Utilizing Bacteria Enumerations Raw Data 
 
Ground Corn (1.6% w/v starch) – Total Lactate-Utilizers Enumerations (cfu mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A (No Substrate) 6200000 6150000 6340000 6230000 
N/A 560000 635000 660000 618333.33 
L. acidophilus 27000000 24000000 19000000 23333333.33 
L. buchneri 15500000 18500000 16000000 16666666.67 
L. reuteri 56000000 62000000 64000000 60666666.67 
All 17500000 19500000 22000000 19666666.67 
L. acidophilus (Dead) 34000000 38500000 34000000 35500000 
L. buchneri (Dead) 16500000 17500000 16000000 16666666.67 
L. reuteri (Dead) 63000000 66000000 68500000 65833333.33 
All (Dead) 26000000 26500000 27500000 26666666.67 
 
Ground Oats (1.6% w/v starch) – Total Lactate-Utilizers Enumerations (cfu mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A 16000000 19500000 16000000 17166666.67 
L. acidophilus 38000000 44000000 41000000 41000000 
L. buchneri 12800000 16000000 18500000 15766666.67 
L. reuteri 74000000 88000000 91000000 84333333.33 
All 17000000 15500000 16500000 16333333.33 
 
Ground Wheat (1.6% w/v starch) – Total Lactate-Utilizers Enumerations (cfu mL-1) 
Lactobacilli (108) Rep #1 Rep #2 Rep #3 Average 
N/A 155000 180000 235000 190000 
L. acidophilus 74000000 76000000 76500000 75500000 
L. buchneri 15000000 16500000 17500000 16333333.33 
L. reuteri 64000000 68500000 71000000 67833333.33 
All 16500000 19000000 20000000 18500000 
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Appendix TTT: Effect of Exogenous Lactobacilli on Starch Disappearance by Fecal 
Cell Suspensions Raw Data 
  
 
Ground Corn (1.6% w/v starch) – Starch Disappearance (mg) 
Treatment Time Rep #1 Rep #2 Rep #3 Average 
N/A 0 87.65 87.75 86.6 87.33 
N/A 2 71.3 70.5 70.35 70.72 
N/A 4 46.15 45.5 44.9 45.52 
N/A 6 33.1 33.55 33.6 33.42 
N/A 8 20.6 20.25 20.2 20.35 
N/A 24 19 18.7 18.85 18.85 
108 L. reuteri  0 87.5 87.15 87.15 87.27 
108 L. reuteri  2 70.4 70.25 70.15 70.27 
108 L. reuteri  4 40.5 40.15 40 40.22 
108 L. reuteri  6 31.55 31.7 31.1 31.45 
108 L. reuteri  8 21.45 21.95 21.65 21.68 
108 L. reuteri  24 18.35 19.2 19 18.85 
108 L. reuteri  (Dead) 0 87.4 86.75 87.25 87.13 
108 L. reuteri (Dead) 2 70.65 70.6 71.5 70.92 
108 L. reuteri (Dead)  4 50.25 49.45 50.35 50.02 
108 L. reuteri (Dead) 6 37 37.4 37.9 37.43 
108 L. reuteri (Dead)  8 25.3 24.75 25.35 25.13 
108 L. reuteri (Dead)  24 18.7 18.85 18.75 18.77 
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Ground Oats (1.6% w/v starch) – Starch Disappearance (mg) 
Treatment Time Rep #1 Rep #2 Rep #3 Average 
N/A 0 87.35 87.15 86.95 87.15 
N/A 2 81.1 79.85 80.05 80.33 
N/A 4 52.5 53 52.7 52.73 
N/A 6 43.5 43.85 43.2 43.52 
N/A 8 27.65 28.1 27.55 27.77 
N/A 24 21.2 21 21.15 21.12 
108 L. reuteri  0 88.3 86.65 87.05 87.33 
108 L. reuteri  2 84.4 84.45 74.7 81.18 
108 L. reuteri  4 58.5 59.3 51.55 56.45 
108 L. reuteri  6 41.65 42.3 41.45 41.80 
108 L. reuteri  8 39.15 39.85 25.95 34.98 
108 L. reuteri  24 20.85 19.95 20.05 20.28 
108 L. reuteri  (Dead) 0 88.3 86.5 87.4 87.40 
108 L. reuteri (Dead) 2 82.45 82.6 82.45 82.50 
108 L. reuteri (Dead)  4 57.25 57.55 57.65 57.48 
108 L. reuteri (Dead) 6 47.5 47.35 47.2 47.35 
108 L. reuteri (Dead)  8 34.6 35.05 35 34.88 
108 L. reuteri (Dead)  24 12.65 13.05 18.9 14.87 
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Ground Wheat (1.6% w/v starch) – Starch Disappearance (mg) 
Treatment Time Rep #1 Rep #2 Rep #3 Average 
N/A 0 88.95 86.9 87.05 87.63 
N/A 2 52.65 54.35 67.3 58.10 
N/A 4 44.75 45.05 41.05 43.62 
N/A 6 24.85 24.9 29.9 26.55 
N/A 8 21.3 21.6 21.3 21.40 
N/A 24 20.35 20.25 18.9 19.83 
108 L. reuteri  0 87.75 86.65 87.5 87.30 
108 L. reuteri  2 68.8 70.1 71.05 69.98 
108 L. reuteri  4 55.5 58 55.05 56.18 
108 L. reuteri  6 48.3 50.5 49.6 49.47 
108 L. reuteri  8 32.3 32.6 30.1 31.67 
108 L. reuteri  24 20.1 20.45 20.35 20.30 
108 L. reuteri  (Dead) 0 87.85 87 87.5 87.45 
108 L. reuteri (Dead) 2 69.95 70.25 70.25 70.15 
108 L. reuteri (Dead)  4 62.6 63.3 50.5 58.80 
108 L. reuteri (Dead) 6 48.8 49.05 47.75 48.53 
108 L. reuteri (Dead)  8 32.3 33.1 32.85 32.75 
108 L. reuteri (Dead)  24 2.25 13.05 15.4 10.23 
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